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Disulfide bond formation is one of the most common post translational 
modifications to occur in proteins and naturally occurring peptides. Disulfide bond 
formation plays a critical role in stabilizing their three-dimensional structure; therefore, it 
is very important to pinpoint the correct disulfide bond connecting pattern in order to 
fully understand the biological functions of these proteins and peptides.  To fully 
characterize an analyte containing disulfide bonds, the sequence must first be known 
followed by the disulfide bond connecting pattern.  This presents an analytical challenge 
as there are very few methodologies that can produce those essential pieces of 
information. The gold standard for analyzing these disulfide linked analytes is to 
enzymatically digest them, separate them via high performance liquid chromatography 
(HPLC) and then analyze them via tandem mass spectrometry (MSn). Although effective, 
the enzymatic digestion approach can be expensive, time consuming, nonspecific (some 
enzymes have a broad range of specificity), and sometimes initiate disulfide bond 
scrambling.  The goal of the research in this dissertation is to develop novel gas-phase 
methodologies for determining how disulfide bonds are connected (as well as enhanced 
xvi 
sequence coverage) in regio-isomeric peptides containing two intramolecular disulfide 
bonds. Two novel methods were successfully used to identify disulfide bond connecting 
patterns as well as produce enhanced sequence coverage.  The first method utilizes MSn 
of internal fragment ions.  MS2 collision induced dissociation (CID) of intact peptide ions 
produced internal fragment ions from a region of the peptide covered by a disulfide bond.  
The formation of an internal fragment ion converted an intrachain disulfide bond to an 
interchain disulfide bond. MS3 CID of the internal fragment ion produced unique b and y 
ions that accurately identified the disulfide bond connecting pattern.  The second 
methodology used ion/radical reactions and takes advantage of the disulfide bond’s 
susceptibility to radical attack. The methoxy radical was generated via UV photolysis and 
allowed to react with disulfide linked regio-isomeric peptides. MS2 CID was conducted 
on the reaction product corresponding to the cleavage of one disulfide bond.  MS3 CID 
was conducted on y ions that contained three cysteine residues and one intact disulfide 
bond. Unique b and y ions that accurately identified the disulfide bond connecting pattern 
were produced.  The latter methodology was also applied to the analysis of bovine insulin 
(two intermolecular and one intramolecular disulfide bond) to show the practicality in the 












1.1 Biological Importance of Disulfide Bond Formation 
The covalent bonding of cysteine thiol (-SH) groups leads to the formation of a 
disulfide bond (the other sulfur containing amino acid, methionine, cannot form disulfide 
bonds because there is an additional methyl group on the sulfur atom).  Reaction 1 
demonstrates the formation of a simple disulfide bond (oxidation reaction).  
R-SH + R’-SH             R-S-S-R’ + 2H+ + 2e-           (1) 
The disulfide bond (S-S) is relatively strong, having a bond dissociation energy 
(BDE) between 40-70 kcal/mol.1  Although it is about 40% weaker than the C-C and C-H 
bonds, the disulfide bond is stronger than the amide bond (N-C) in peptides and proteins. 
S-S bonds are about 2.05Å in length, which is about 0.5Å longer than a C-C bond.2  The 
simplest biological disulfide bond occurs in cystine, which is composed of two cysteine 
amino acids (Figure 1.1).  The formation of disulfide bonds is one of the most common 
post translational modifications  (PTMs)  that occur in proteins and plays a critical role in 
stabilizing and maintaining the three-dimensional structure of many proteins and 
naturally occurring peptides (an important property for biological activity).3-10  There are 
three ways in which disulfide bonds stabilize the folded form of proteins.  First the 
disulfide bond holds two portions of the protein together, preferentially pushing the 
2 
 
protein in the direction of the folded form.  In other words, the disulfide bond destabilizes 

















Figure 1.1 Structure of cystine peptide. 
 
Secondly, the S-S bond can form the core nucleus of a hydrophobic core of the 
folded protein; local hydrophobic amino acid residues may condense around the disulfide 
bond and onto each other through hydrophobic interactions.  Disulfide bonds increase the 
effective local concentration of protein residues and lower the effective local 
concentration of water molecules.  Since water molecules can attack and cleave peptide 
bonds and disrupt secondary structure, a disulfide bond stabilizes the secondary structure 
in its vicinity.12 Finally, disulfides can link different polypeptide chains. 
Peptides containing one or more disulfide bond(s) have significant roles in 
biological systems. They can act as redox buffers (i.e. glutathione)13 and antioxidants to 
prevent or repair damage to cellular components caused by reactive oxygen species 
3 
 
(ROS).13,14  These peptides can also function as growth factors for stimulating cellular 
growth.15  The growth factors can be classified into families with different purposes such 
as the epidermal growth factor (EGF) family, the transforming growth factor β (TGF-
beta) family, the insulin-like growth factor (IGF) family, the fibroblast growth factor 
(FGF) family, the trefoil factor (TFF) family, and the colony-stimulating factor (CSF) 
family.16 Hormones represent a class of disulfide linked peptides responsible for 
regulating a variety of physiological and behavioral activities.17 Insulin (secondary 
structure shown in Figure 1.2) is a well-known hormone peptide.  Other well-known and 
equally important hormones include oxytocin (an important neuromodulator in the brain 
and important during childbirth), vasopressin (increases water permeability of the 
kidneys), and melanin concentrating hormone.18 Defensins are responsible for the body’s 
defense against bacterial, fungal, and viral infections.19  Defensins can be divided into α- 
and β-defensins; the disulfide connectivities in α-defensins are Cys1–Cys6, Cys2–Cys4 
and Cys3–Cys5 (the number indicates the location of the Cys residue in the amino acid 
sequence from the N-terminus), while in β-defensin they are Cys1–Cys5, Cys2–Cys4 and 
Cys3–Cys6.20  The final class of biological active peptides discussed which usually 
contain multiple disulfide bonds are toxins.21 Toxins are typically secreted by plants or 
animals and are poisonous to humans. Some well-known toxins include those found in 








Proteins containing multiple disulfide bonds also have important biological roles such as 
antibodies used by the immune system to fight off foreign species,25 reproduction,26 
metabolism,27 and structural make up.28 Recently, the first disulfide linked 
macromolecular pharmaceutical drug conjugate that exploits the reversible nature of this 
unique covalent bond was approved for human use.29 The drugs are designed to take 
advantage of the differences in the reduction potential at various locations within and 
upon cells.  Based on the importance of disulfide bonds, it becomes clear that the 
determination of disulfide bond connecting patterns may provide substantial information 





1.2 Challenges of  Structural Analysis of  Disulfide Linked Peptides and Proteins 
To fully characterize an analyte containing one or more disulfide bond(s), one 
must first know the sequence of the peptide/protein followed by the disulfide connecting 
pattern.  This is difficult as there are very limited analytical techniques that can give both 
the sequence and connecting pattern. The problem is further complicated when multiple 
intrachain or intramolecular disulfide bonds (disulfide bond between two cysteine 
residues within the same peptide chain) are present within the analyte making the 
structure highly knotted. Even if the primary sequence could be determined using a 
strategy such as Edman degradation, there is no way of predicting the disulfide linkage 
from the primary sequence when more than two cysteine residues are present. Early 
methods for structural characterization included the use of nuclear magnetic resonance 
(NMR)31-33 as well as X-ray crystallography.34-36 These methods are effective, but 
unfavorable due to their high cost, large sample consumption, extensive sample 
preparation, difficulty to interpret results and difficulty in crystallizing smaller peptides.  
Due to their high sensitivity and speed, mass spectrometric (MS) techniques have become 
the popular choice for the analysis of disulfide linked peptides and proteins.37 The 
conventional method for determining disulfide bridges today involves enzymatically or 
chemically cleaving the peptide bonds between the cysteine residues and identifying the 
peptide fragments that contain intact disulfide bonds. It should be mentioned that analysis 
of proteins containing adjacent cysteines is very difficult as there is no effective way of 





1.3 Current Methods for Analyzing Disulfide Linked Peptides and Proteins by MS  
 
 
1.3.1 Solution Phase Modification Prior to MS Analysis 
Enzymatic digestion is the most popular choice for analyzing complex disulfide 
linked peptides or proteins prior to MS analysis.  There are numerous enzymes to choose 
from with a variety of specificity belonging to each enzyme as each protein requires 
diverse conditions for optimal digestion. These enzymes can be separated into two 
categories, highly specific endoproteases and broad specificity endoproteases.  Highly 
specific endoproteases include, Endoproteinase Glu-C (cleavage specificity after the 
amino acids Glu and Asp; 16hr digestion time),38 Endoproteinase Lys-C (cleavage 
specificity after the amino acid Lys; 24hr digestion time),39 Endoproteinase Arg-C 
(cleavage specificity after the amino acid Arg; 18hr digestion time),40 Endoproteinase 
Asp-N (cleavage specificity after the amino acids Glu and Asp; 16hr digestion time),41 
Proyl endopeptidase (cleavage specificity after the amino acid Pro; 4hr digestion time),42 
and Trypsin (cleavage specificity after the amino acids Lys and Arg; 16hr digestion 
time).43,44  Less specific endoproteases include Chymotrypsin (cleavage specificity after 
the amino acids Trp, Tyr, and Phe. Leu and Met unless there is an adjacent Pro); 16hr 
digestion time),45 Pepsin (broad cleavage specificity; 16hr digestion time),46 Subtilisin 
(broad cleavage specificity; 16hr digestion time),47 Thermolysin (broad cleavage 
specificity; 16hr digestion time),48 and Proteinase K (broad cleavage specificity; 8hr 
digestion time).49  To gain access to sites of the protein that may have been inaccessible 
to enzymes, denaturing the protein to disturb its tertiary structure may be necessary. 
Chemicals such as urea, guanidine hydrochloride, or organic solvents (i.e. acetonitrile) 
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are superior to detergents to enhance protein solubility and to denature them.  For digests 
to be analyzed by MS, volatile buffers (i.e. TFA, ammonium acetate, etc…) of lower salt 
concentrations (25-100 mM) are optimal.50 Caution should be taken when performing 
enzymatic digestions using buffers with a neutral or alkaline pH.  At neutral or alkaline 
pH values the cysteine side chain (pKa 8.3) can be deprotonated to form a sulfur anion.  
The sulfur anion can attack neighboring cysteines or disulfide bonds initiating disulfide 
bond scrambling.51  It is worth noting that the same protein that is easily digested using a 
specific enzyme may require the use of denaturing agents for a different set of enzymes. 
For instance, the same small shark liver fatty-acid binding protein that required the 
presence of 2M urea for endoprotease Lys-C or Glu-C digestion was fully digested using 
trypsin without the use of any denaturing agents.52  Denaturing the proteins will not affect 
disulfide bonds.  Therefore, if disulfide bonds are the reason that digestion sites cannot be 
accessed, modification prior to digestion or an alternative method to enzymatic digestion 





Figure 1.3 Disulfide bond determination of the GA733-2 antigen utilizing  trypsin 




Other than enzymatic digestion, there are several other methods to cleave peptide 
bonds in complex systems containing multiple disulfide bonds.  These methods include 
cleavage using chemicals such as cyanogen bromide (cleavage specificity after the amino 
acid Met; 16hr cleavage time),47 2-nitro-5-thiocyanobenzoate (cleavage specificity after 
the amino acid Cys; 16hr cleavage time),54 and BNPS-skatole (cleavage specificity after 
the amino acid Trp; 1hr cleavage time).43  Partial acid hydrolysis as well as microwave 
assisted acid hydrolysis (broad cleavage specificity; cleavage time varies) have both been 
successful at mapping disulfide location in proteins.55,56 Zhang et al.  showed that online 
electrolytic reduction using an electrochemical flow cell produced increased sequence 
coverage in protein digests and small peptides.57  Disulfide bond partial reduction using 








































by alkylation (i.e. iodoacetamide) has had success mapping disulfide bond connectivity.58  
Figure 1.3 shows an example of disulfide bond determination in a complex system that 
utilizes enzymatic digestion, chemical cleavage, and partial reduction. These combination 
experiments are not unusual in highly knotted proteins.  Liu et al. utilized pepsin 
digestion, electron transfer higher energy dissociation (EThcD), and a search algorithm to 
accurately map 31 of a possible 43 disulfide bridges in a mixture containing six 
proteins.59  Gas-phase H/D exchange combined with partial reduction (using TCEP) and 
electron capture dissociation was successfully used to gain almost complete sequence 
coverage in the β2m protein.
37 While all the previously described methods were 
successful at analyzing disulfide connectivity, they also suffered from many 
disadvantages including high cost (purchase of enzymes and additional chemicals), time 
consuming (as long as 24hrs for some digestions), low specificity (some of the methods 
had only a broad cleavage specificity which only further complicates the MS spectra), 
and possible disulfide scrambling (leading to inaccurate disulfide connectivity 
information).  To circumvent these pitfalls, many gas-phase techniques for analyzing 
disulfide bond connectivity have been explored. 
 
1.3.2 Gas-phase  MS/MS Analysis 
In the gas-phase, cleavage of disulfide bonds is not generally observed under low 
energy collision induced dissociation (CID) conditions for positively charged ions with 
mobile protons.37,60  This is explained by Lioe et al. from the aspect that higher activation 
energy is required for the disulfide bond cleavage (40-70 kcal/mol)1 in protonated cystine 
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and derivatives as compared to that required for amide bond cleavages (34 kcal/mol)61. 
As a result, CID of the even-electron species only produces sequence ions that fall 
outside of the disulfide covered region along the peptide sequence. To overcome this, 
many MS/MS methods have been developed with the aim of cleaving disulfide bonds to 
ultimately obtain more sequence information and disulfide bond linkage information.   
 
1.3.2.1 CID of Depronated S-S Peptides 
Low energy CID of deprotonated peptides is one such method.  Chrisman et al. 
showed that ion trap CID of gaseous polypeptide/protein anions preferentially cleaved 
disulfide bonds (cleavage at the C-S, S-S, or S-C) to ultimately produce c and z–type 
sequence ions that lead to enhanced sequence coverage as well as structural 
information.61  Bilusich et al. established the presence of intramolecular disulfide bonds 
based on the characteristic loss of H2S2 upon activation of the single charged parent 
anion,62 as well as the presence of intermolecular disulfide bonds based on the presence 
of four unique fragments.63 Low energy CID of contryphan(a cyclic disulfide peptide 
derived from Conus snail venom) and oxidized glutathione  produced the neutral loss of 
H2S2, H2S, and S upon activation of peptide anions leading to enhanced sequence 
coverage.64  Other research groups have done similar work to establish disulfide bond 
cleavage upon low energy CID of peptide anions.65,66  Another method for cleaving 
disulfide bonds in the gas-phase is CID of peptides with limited mobile protons (low-
charge state ions or ions containing multiple Arg residues).  Bean et al. showed the CID 
of singly charged peptides and small proteins containing multiple disulfide bonds can be 
characterized via the observation of three unique fragment peaks (peaks that correspond 
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to disulfide cleavage at the C-S, S-S, or S-C bond).67 Top-down analysis of low charge-
states of chicken lysozyme produced disulfide cleavage with enhanced sequence 
information.68  
 
1.3.2.2 CID of Peptide-Metal Complex 
 CID of metal cationized peptide ions have been shown to be a valuable gas-phase 
technique for selective cleavage of disulfide bonds. Copper II, silver I , and gold I were 
investigated to compare and contrast which metal adduct produced  the most abundant 
disulfide bond cleavage.69 Of all metal adducts studied in that publication, the gold 
adduct was superior in promoting disulfide bond cleavage.  Kim et al. identified the 
presence of a disulfide linkage in peptides by the selective elimination of H2S from CID 
of alkali and alkaline earth metal complexes.70 The same research group developed the 
“Route 66 method” for mapping disulfide bonds via the selective cleavage of S-C 
bonds.71 Scheme 1.1 demonstrates the reaction of Ca2+ with a dipeptide leading to the 
cleavage of the S-C bond via the Route 66 method.  The McLuckey group showed that 
gold incorporation into disulfide linked polypeptides is an efficient way to selectively 
dissociate the S-S bond.72,73 Mihalca and coworkers used a series of transition metals 
(nickel, copper, and zinc) to promote enhanced disulfide bond cleavage and sequence 





Scheme 1.1 Proposed S-C bond cleavage using the Route 66 method.71 
                  
 1.3.2.3 EXD and ion/ion Reactions 
  Electron based dissociation (EXD), where X represents transfer, capture, and 
detachment, has been used frequently in the top-down analysis of disulfide linked 
peptides and proteins due to their affinity for disulfide bond cleavage.  Cole et al. 
observed fragment ions corresponding to both cleavages at the disulfide bond (S-S and S-
C) as well as the N-Cα bond when ETD was used to investigate the fragmentation 
Paired Products 




behavior of small intrachain linked disulfide bonds.76  Our  group also applied ETD to 
peptides containing two intrachain disulfide bonds in an attempt to characterize their 
disulfide bond connecting pattern.77   Substantial sequence information, but no disulfide 
linkage information was obtained in that study. Figure 1.4 demonstrates a possible 
pathway for promoting sequence coverage but no disulfide linkage information when 
ETD was carried out on a system containing multiple disulfide bonds.  Zubarev and 
coworkers demonstrated the effectiveness of ECD for structural characterization of 
multiply charged protein cations smaller than 20kDa.78  In that work, full sequence 
information was achieved for the proteins mellitin and insulin demonstrating the 
efficiency of this method. The Hakansson group reported the preferential cleavage of the 
S-S and C-S bonds when ECD was used to fragment peptide anions.79  The electron 
based dissociation techniques were effective at enhancing sequence coverage but often 





Figure 1.4 ETD of a peptide containing two intrachain disulfide bonds leads to the 
cleavage of both disulfide bonds providing substantial sequence information but no 




1.3.2.4 UVPD and MALDI-PSD 
 
  Jones et al. used matrix assisted laser desorption ionization-post source decay 
(MALDI-PSD) to analyze heteropeptides held together by two disulfide bonds.80  They 
produced enhanced sequence coverage and discovered useful information important for 
assigning the disulfide linkage patterns in highly knotted disulfide linked peptides. 
Ultraviolet photodissociation (UVPD) has recently been used to characterize disulfide 
bonded peptides and proteins.  Zubarev and coworkers demonstrated the ability of UVPD 
at 157nm to cleave both inter- and intrachain disulfide bonds without charge reduction.81 
Agarwal et al. used 266nm UVPD to selectively cleave disulfide bonds while leaving 
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other bonds intact allowing for the assignment of disulfide linkage patterns.82  Scheme 
1.2 demonstrates this homolytic S-S bond cleavage at 266nm.  
 
 
Scheme 1.2 Selective homolytic cleavage of the S-S bond with 266nm light.82 
 
1.3.2.5 Radical Chemistry 
 
Free radicals are known to be highly reactive towards disulfide bonds.83 
Numerous research groups have taken advantage of this knowledge to use radicals as a 
means for cleaving disulfide bonds in the gas-phase.  Kenttamaa and coworkers utilized 
distonic ions to efficiently cleave organic disulfides and open the possibility of studying 
disulfide bonds in neutral molecules.84   Lee et al.  used the TEMPO radical to selectively 
cleave intramolecular disulfide bonds (S-S bond) leading to free radical initiated peptide 
sequencing fragmentation.85 Figure 1.5 demonstrates the cleavage mechanism when the 
TEMPO radical is used to cleave the S-S bond.  Our group used the hydroxyl radical to 





group also used UV photolysis to create the hydroxyl methyl radical which cleaved 
disulfide bonds to provide sequence information.87 However, no disulfide bond 
connecting pattern could be achieved due to disulfide bond scrambling.  Knowing the 
high selectivity radicals show towards disulfide bonds, the focus of this thesis will be to 
use a radical/ion reaction approach to identify disulfide bond connecting patterns. 
 
 
Figure 1.5 TEMPO cleavage of the S-S bond.85  
 
1.4 Formation of Radicals in the Gas-Phase 
 
There are many ways of forming peptide radicals in the gas phase. For instance, 
using ECD,78 ETD,88 or electron capture-induced dissociation (ECID)89  will introduce a 
radical into a peptide system via the introduction of a low energy electron (Reaction 2), 
electron transfer from a molecular anion (Reaction 3) or electron capture of a neutral 
molecule (Reaction 4). 
ECD: (peptide + nH)n+ +  e-  (peptide + nH)(n-1)+●                         (2) 








ECID: (peptide + nH)n+ +  N  (peptide + nH) ● (n-1)+ + N+●               (4) 
 
Julian research group pioneered the use of UVPD to introduce a radical into an 
analyte through homolytic cleavage of carbon-sulfur bonds.90 Using Michael-addition 
chemistry, phosphorylation on serine and threonine was first removed by barium 
hydroxide and then the site was labeled by an addition of a napthyl based chromophore 
via a carbon-sulfur bond. The naphthalene thiol chromophore is capable of absorbance at 
266 nm in the gas phase.  Chu et al. showed that when a mixture of a Cu(II)-amine 
complex e.g. CuII(dien)(NO3)2 (where dien = diethylenetriamine), and an oligopeptide 
(M) is electroysprayed, the reaction yields yields the [CuII(dien)M]•2+ ion.91  CID of that 
ion produces [CuI (dien)]+ and an abundant M•+. Barlow et al. demonstrated that trivalent 
transition metals, CrIII, MnIII, FeIII, and CoIII, could also be used to generate peptide 
radicals via gas phase redox chemistry.92 Radicals can also be formed via hemolysis of a 
weak bond. Ryzhov et al. used solution-based transnitrosylation reaction in which 
cysteine-containing molecules are mixed with S-nitroglutathione to form a peptide S-NO 
bond.93 Upon CID, there is a facile loss of ●NO and a cysteinyl sulfur radical is formed. 





Figure 1.6 Reaction of protonated cysteine with t-butylnitrite (R=tBu).93  
 
Our group has pioneered two novel ways of forming radicals. The first method is 
the use of an atmospheric helium low-temperature plasma (LTP).86,94  First reported in 
2010, it was later seen that sulfinyl radical, thiyl radical, and perthiyl radical could be 
formed upon reaction of disulfide linked peptide ions (in a nanoESI plume) with  the 
after-glow of an LTP.95 Figure 2.4 in chapter 2 contains a schematic of the experimental 
set up.  When the LTP source is turned on, disulfide bonds within peptides are cleaved by 
a dissociative hydroxyl radical (•OH) addition. After cleavage of the disulfide bond, 
sulfinyl radical (-SO•) and sulfhydryl (-SH) ions are formed at the cleavage site (Reaction 
5). Ma et al. observed chain separation for peptides containing intermolecular disulfide 
+ RONO + ROH
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bond; however, the addition of an •OH adduct ([M + OH + nH]n•+) was observed as the 
main product for peptides containing intramolecular disulfide bonds.86  
(R)S-S (R’) + •OH  (R) SO• + (R’) SH         (5) 
Recently our group reported radical formation via UV photolysis using a low-
pressure mercury (LP-Hg) lamp.87,96  A schematic of the experimental set up can be 
found in chapter 2 (Figure 2.5). This is essentially one of the most flexible ways of 
forming radicals because reaction products can be tuned by simply changing the 
wavelength of the lamp.  For instance, when using  a 254nm primary emission lamp (20 
mA, 2.54 cm lamp length, 0.64 cm diameter, double bore tubing with a synthetic quartz 
lamp casing) (model no: 81-1057-5, BHK, Inc., Ontario, CA), reactions in the nanoESI 
plume with disulfide linked resulted in the formation of the methoxy radical and cleavage 
of the disulfide bond.  Upon cleavage of the disulfide bond, one cysteine residue was 
modified to sulfenic methyl ester (-S-O-CH3) while the other cysteine was reduced to 
thiol (-SH).  Using that same 254nm lamp, Ma et al. was able to excite acetone molecules 
to form an acetone diradical.96  When the diradical was allowed to react with lipids in the 
gas-phase, unique reaction chemistry ensued.  CID of those unique reaction products 
allowed for the confident and accurate assignment of the double bond location even in 
simple lips as well as complex lipid mixtures.  When the wavelength of the lamp was 
changed to 185nm, reactions in the nanoESI plume with disulfide linked resulted in the 
formation of the hydroxylmethyl radical and cleavage of the disulfide bond.87  Upon 
cleavage of the disulfide bond, one cysteine residue was modified to cysteine s-
hydroxylmethyl (-S-CH2-OH) while the other cysteine was reduced to thiol (-SH).  In 
addition to the flexibility in wavelength, this method of forming radicals is also 
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advantageous because site specific radicals can be formed (based on reaction chemistry),  
it’s inexpensive (compared with using a laser), can be coupled to any MS interface 
(because radicals are formed outside of the instrument), and it can be used in both 
positive and negative ionization modes. 
 
1.5 Conclusion 
To understand and ultimately characterize a protein or peptide containing multiple 
disulfide bonds, it is essential to first obtain the sequence information followed by the 
disulfide bond connecting pattern.   There are many proposed ways to achieve this, but 
very few techniques can provide both essential pieces of information. The purpose of the 
research presented in this dissertation is to systematically study and understand the 
fragmentation chemistry of peptides containing multiple intramolecular disulfide bonds.  
Furthermore, using this fundamental knowledge, MSn, and bio-ion/radical reactions, 
develop novel methods that can quickly and accurately identify (and differentiate) the 
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Fully reduced synthetic peptide (single letter sequence: CARICAKLCLEVCK) 
was purchased from CPC scientific (Sunnyvale, CA, USA). Oxidized peptide (single 
letter sequence: 1CAEK5CIEK9CLVR13C, C1-C13 and C5-C9 disulfide bonds or C1-C5 
and C9-C13 disulfide bonds) peptides were purchased from SynBioSci (San Francisco, 
CA, USA). Thermolysin, oxidized glutathione, oxidized methionine sulfoxide, N-t-Butyl 
phenylnitrone, bovine insulin, reduced glutathione, N-acetyl-l-cysteine methyl ester 
(Cys**), dithiothreitol (DTT) and Dichlorobis ethylenediamine platinum ([Pt en2] Cl2) 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Fully reduced Guanylin 
peptide (Single letter sequence: PNTCEICAYAACTGC), Selectin binding peptide and 
Somatostatin-14 were purchased from AnaSpec (Freemont. CA). Fully reduced synthetic 
peptide (Single letter sequence: CNKACGKLCLEVCR) and Selectin binding peptide 
with acetamidomethyl (Acm) protected thiols were synthesized by LifeTein, (South 








2.2 Synthesis of Peptide Disulfide Regio-Isomers  
The oxidation of cysteine thiols results in the formation of disulfide bonds.  There 
are numerous oxidizing agents to choose from depending on whether the user wishes to 
form inter- or intrachain disulfide bonds.  For instance, using oxygen trapped on the 
surface of charcoal, Volkmer-Engert et al. developed an efficient method for formation of 
intramolecular disulfide bonds in peptides containing less than 17 amino acid (AA) 
residues.1 Air oxidation happens when cysteine containing peptides or proteins are 
exposed to air for long periods of time and it’s probably the most widely used method of 
oxidation.2 Potassium Ferricyanide (K3Fe (CN) 6) oxidation produces oxidation yields 
comparable to air oxidation.3 Under a wide range of pH conditions, dimethyl sulfoxide 
(DMSO) can readily oxidize cysteine residues.4 In biological systems, redox buffers such 
as glutathione are involved in disulfide bond formation.5 Ellman’s reagent, 5,5’ –dithiobis 
(2-nitrobenzoic acid) was proven to be an effective mild oxidizing reagent for the 
formation of intramolecular disulfide bonds.6  Iodine has proven to be a powerful 
oxidizing agent often used in the syndissertation of cyclic peptides after the addition of 
blocking groups.7 Hydrogen peroxide (H2O2) can quickly and efficiently oxidize cysteine 
residues.8  While all these oxidizing agents are effective in their own right, many of them 
were unable to form multiple intramolecular disulfide bonds in the regio-isomers studied 
in this this.  To overcome these limitations, a Pt (IV) complex was proven to be most 
effective. The oxidizing agent [Pt (en) 2 (OH) 2 Cl2] was synthesized from [Pt en2] Cl2 in-
house following the procedure described by Heneghan et. al.9  [Pt en2 (OH) 2 Cl2] was 
added to the dissolved peptide (1mg/mL) in a molar ratio of 2:1 ~ 5:1 Pt (IV) to the 
peptide.    The reaction was allowed to proceed at room temperature for 1-3 hours and 
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monitored via MS.  Following complete oxidation, the regio-isomers were separated via 
reverse phase-high performance liquid chromatography (RP-HPLC). 
 
2.3 Enzymatic Digestion 
As stated in section 1.3.1, enzymatic digestion is the most popular choice for 
analysis of disulfide linked peptides and proteins. In this dissertation, two enzymes were 
used for the digestion of peptides. Peptic digests for regio-isomers were obtained by 
reacting the oxidized isomer with thermolysin in a 10:1 molar ratio (peptide: thermolsyin)  
in a 100 mM Tris-HCl buffer (pH 6.5) at 65-70 ºC for 30 minutes.10  Somatostain-14 was 
digested using trypsin at a 20:1 enzyme: peptide molar ratio. A 20mM ammonium 
bicarbonate buffer was used to maintain the ideal pH (<7.0 to avoid disulfide scrambling) 
and the solution was incubated at 37 ºC for three hours.11 All digests were separated via 
RP-HPLC using conditions described in section 2.4. 
 
2.4 HPLC Analysis 
Throughout the course of this dissertation work, peptide regio-isomers as well as 
peptide digests had to be separated via reverse phase high performance liquid 
chromatography (RP-HPLC) prior to analysis by MS.  RP-HPLC is one of the most 
commonly used methods for the purification and analysis of peptides and proteins.12  
With the ability to work offline or online (LC-MS), HPLC has proven to be an 
irreplaceable tool in an analytical lab. Unlike normal phase high performance liquid 
chromatography (NP-HPLC), RP-HPLC uses a non-polar stationary phase (i.e. 
hydrocarbons)  and an aqueous, moderately polar mobile phase (i.e. methanol, 
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acetonitrile, or tetrahydrofuran).13  RP-HPLC separates peptides and proteins based on 
their hydrophobicity with high sensitivity.  The separation is dependent on the 
hydrophobic binding of the solute molecule from the mobile phase to the immobilized 
hydrophobic ligands attached to the stationary phase.14  The solutes are therefore eluted 
in the order of increasing molecular hydrophobicity.  This technique is established as a 
powerful tool for the analysis of peptides and proteins for a number of reasons including:  
(a) high resolution that can be attained under a variety of separation conditions for 
isomeric molecules as well as structurally unique molecules; (b) easy manipulation of the 
separation selectivity by simply modifying the mobile phase composition; (c) high 
recoveries; and (d) high reproducibility of separations over a long period of time due to 
the stability of the column packing.15,16  A number of parameters (i.e. temperature, pH, 
gradient slope, ionic modifier, or the organic solvent composition) can be manipulated to 
enhance separation of components in a complex mixture.  The same techniques and 
principles can be applied to the separation of enzymatically digested proteins as well as 
chemically derivatized peptides. The only major pitfall of RP-HPLC is that it cannot 
efficiently separate large proteins such as antibodies mainly due to its limited resolution.  
In this dissertation, all RP-HPLC separations were carried out using an Agilent 1200 
series RP-HPLC system (Agilent Technologies, Santa Clara, CA, USA). A zobrax C18 
column was used for all separations in this dissertation.  All eluents were detected at 
either 206 or 220nm using the variable wavelength (UV) detector.  The collected eluents 
were vacuum dried overnight using a centrivap concentrator (Labconco, Kansas City, 





Figure 2.1 Separation of Guanylin regio-isomers by RP-HPLC.  
 
In chapters 3 and 5, regio-isomers were separated at a flow rate of 0.65 mL/min 
with a linear gradient of 20-35% solvent B over 30 min.  Solvent A was a mixture of    
0.1 % TFA in water and solvent B contained 0.085 % TFA in 80% CH3CN and 20% 
water. The eluent was detected at a wavelength of 220 nm.  Thermolysin digests were 
separated using the same conditions in chapter 3. In chapter 4 and 5, disulfide isomers 
were separated at a flow rate of 0.5 mL/min with a stepwise gradient of 25-27% solvent 
B over 45 min. An isocratic gradient (25-25 % B) was used from 0-10 minutes followed 
by 25-27 % B from 11-45 minutes. Solvent A was a mixture of 0.085 % TFA in water 
and solvent B contained 0.085 % TFA in 100% CH3CN (acetonitrile).  The eluent was 
detected at a wavelength of 206 nm.  In chapter 6, regio-isomers were separated at a flow 
rate of 0.4 mL/min with a linear gradient of 20-25% solvent B over 30 min.  Solvent A 
was a mixture of 0.1 % TFA (trifluoroacetic acid) in water and solvent B contained 0.085 
32 
 
% TFA in 100% CH3CN (acetonitrile).  Somatostatin-14 digests were separated at a flow 
rate of 0.5 mL/min with a linear gradient of 10-30%B over 20 minutes.  The eluent was 
again detected at a wavelength of 206 nm. 
 
2.5 Mass Spectrometric Analysis  
 
 
2.5.1 Ionization Source 
All peptide ions were generated using nanoelectrospray ionization (nanoESI) in 
the positive ion mode throughout this dissertation. In general, for the analysis of a 
protein’s physical and chemical properties, electron ionization (EI) and chemical 
ionization (CI) are not effective methods of ionization. These two ionization techniques 
are considered “hard” ionization techniques that inhibit excessive fragmentation that 
makes the analysis of biomolecules more difficult. Proteins, like many other 
biomolecules, are thermally labile and those ionization methods caused conformational 
changes as well as the loss of post translational medications (which are important for 
complete structural characterization). In the early 1980s, fast atom bombardment (FAB) 
was the premiere ionization technique for biomolecules.17,18  This ionization technique 
was limited due to the fact that only singly charged ions could be produced.  This limited 
the size of protein that could be studied as well as the mass analyzers capable of 
analyzing those proteins. Fenn et al. developed an innovative atmospheric pressure 
ionization method, electrospray ionization (ESI) in 1989 that overcame many of the 
existing limitations from FAB.19   ESI is considered a “soft” ionization technique that is 
capable of ionizing intact proteins containing multiple charges. ESI ionizes thermally 
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labile species without fragmentation and loss of PTM’s because only a small amount of 
residual energy is retained by the analyte. With the invention of ESI, MS analysis of 
proteins was no longer limited to proteins smaller than 1000Da because the multiply 
charged ions now fell in the mass range for almost any mass analyzer.  ESI is now the 
preferred choice to analyze other biomolecules including oligonucleotides, 
oligosaccharides, biopolymers, and lipids. ESI is also advantageous in that it can produce 
ions in both the negative and positive modes by simply changing the polarity of the 
ionization voltage.  The ESI interface can be coupled to a HPLC for direct online analysis 
of components in a mixture. Transferring ions from the solution phase to the gas phase in 
ESI is a three step process. First, there is dispersal of a fine spray of charged droplets. 
Secondly, there is repeated solvent evaporation. Finally, gas-phase ion ejection from 
highly charged droplets occurs.  Figure 1.7 illustrates the three essential steps in the ESI 
process.  
  In the first step, an electrically charged spray is formed to produce charged 
droplets. Diluted analyte contained in a solution is pumped into the spray needle tip 
typically by use of a syringe pump. High voltage (±2.5-6 kV) is applied to the emitter 
(silica capillary or metal tip) exposing the analyte to an electric field. The surface of the 
solution is electrically charged by an electrochemical reaction of the solvent which causes 
electrons to flow to (negative ion mode) or from (positive ion mode) the high-voltage 
capillary.20 Next, the accumulation of like charges forms a meniscus at the capillary 
outlet. The exposure to the very high electric field (~106 V/m) causes the accumulation of 
charges to become unstable and the meniscus is deformed into a cone (Taylor cone) due 
to surface tension.21 Taylor et al. were the first to describe the cone phenomenon 
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theoretically.22 He described the conditions under which a stable liquid cone could exist 
when an electric field is exerting competing forces on the droplet against the surface 
tension of the liquid. A fine jet of charged liquid is ejected from the apex towards the 
counter electrode when the surface tension is overcome by high field strength. This step 
is considered to be the beginning of the electrospray process as the ions are transferred 
into the gas phase.  The charged parent droplets typically have a radius of ~1.5 μm, a 
charge of ~104 C, and roughly 60,000 singly charged ions.19 Coulombic repulsion causes 
the droplets to be driven away from each other as they move along the potential gradient. 
For the second step, there is a reduction of size due to solvent evaporation. In this case, 
the surface charge density increases as the droplet size decreases. Solvent evaporation 
continues as the droplets approach the heated capillary until the droplet reaches the 
Rayleigh limit.23 At this point, the electrostatic repulsion forces have overcome the 
surface tension and Coulomb fission occurs. Solvent evaporation and Coulomb fission 
continue until the desolvated charged analyte sample is in the gas-phase. The last step 
involves formation of gas-phase analyte ions from charged droplets. There are two major 
theories to explain the final stage of gas-phase ion formation:  (1) the charge residue 
model (CRM) 24-26 and (2) the ion evaporation model (IEM).27,28 The CRM method was 
initially hypothesized by Dole et al.26 but a detailed mechanism was later shown by 
Schmelzeisen-Redeker et al.24  The CRM suggests that after a series of solvent 
evaporation and Coulomb fission steps, unique droplets are formed that contains only one 
analyte molecule. Gas-phase ions are formed after complete desolvation and the residual 
charge from the droplet is retained by the analyte.  The IEM mechanism was proposed by 
Iribarne and Thomson.27 The IEM states that the electric field strength within the charged 
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droplet reaches a critical point at which it is kinetically and energetically possible for ions 
at the surface of the droplets to be expelled into the gaseous phase. After formation of 
gas-phase ions, they are sampled by the skimmer cone and accelerated into the mass 
analyzer for mass analysis.  
 
 
Figure 2.2 Mechanism of electrospray ionization (three steps).29 
 
NanoESI was used instead of ESI for the purposes of this dissertation. NanoESI is 
a desirable method for ionization because it is highly sensitive, uses very low flow rates 
(~ 20nL/min), absent of solvent pumps, and low sample consumption. NanoESI is carried 
out by pulling spraying glass capillaries that produce a fine tip. The nanoESI tips that 
were used for all experiments present in this dissertation were pulled from borosilicate 
glass capillaries (1.5 mm o.d. and 0.86 mm i.d.) using a P1000 Flaming/Brown 





2.5.2 Mass Analyzer 
Mass analysis for this dissertation was performed using a linear ion trap mass 
spectrometer (LIT).  Although similar to three-dimensional (3D) Paul traps, LITs have 
higher injection efficiencies and more than 10-fold higher storage capacities.30 Another 
advantage of using linear ion traps is that they can be coupled to other mass analyzers to 
conduct MSn (n>1) experiments.  LITs consist of an array of four symmetrical rods. Ions 
are trapped via radial excitation technique. After ions are stored in the trap, they are 
cooled by collision with an inert gas (nitrogen in this case). The ions travel along the z 
axis while oscillating in the xy plane. Experiments in this dissertation were analyzed 
using an AB SCIEX 4000 QTRAP that has a hybrid triple quadrupole/linear ion trap 
configuration (Figure 1.8).31 The 4000 QTRAP setup was introduced by James Hager in 
2002.31  For this instrument, ions are expelled by axial ejection for mass analysis.  
 
 




2.5.3 Beam-Type vs. Ion Trap CID 
 
 The triple quadrupole/linear ion trap configuration allows for two types of 
collisional activation methods, i.e. beam-type CID and ion trap CID.  In beam-type CID, 
the precursor ions were isolated by Q1 and accelerated to q2 for collisional activation.  
The collision energy (CE), defined by the direct current (DC) potential difference 
between Q0 and q2, was optimized and typically within the range of 5- 40 V.  Ion trap 
CID was carried out in Q3 linear ion trap, where a dipolar excitation (AF2) was used for 
on-resonance collisional activation.  The activation amplitudes were within the range of 
20 – 100 mV and activation time of 200 ms was used.   The characteristic parameters of 
the mass spectrometer during this dissertation were set as follows:  spray voltage, 1200 - 
1800 V; curtain gas, 10 psi; and declustering potential, 20 V.  Mass analysis was 
achieved by using Q3 as a linear ion trap at a scan rate of 1000 Da/s.  Data acquisition, 
processing, and instrument control were performed using Analyst 1.5 software.  
Compared to on-resonance ion trap CID, beam-type CID offers higher collision energy 
(in tens of eV vs. meV, lab energy frame) and energy deposition happens in a shorter 



















2.6.1 Low Temperature Plasma (LTP) 
 
To form radicals via a LTP, nanoESI tips were pulled from borosilicate glass 
capillaries (1.5 mm o.d. and 0.86 mm i.d.) using a Model P-1000 Flaming/Brown 
micropipette puller (Sutter Instruments, Novato, CA). The nanoESI emitter was inserted 
into the main arm of a T-shaped tube and was kept in line with the inlet of the mass 
spectrometer at a distance of 8 –10 mm. A low temperature helium plasma was initiated 
in the side arm of the T-shape tube to form hydroxyl radicals.33 The nanoESI plume of 
peptides was allowed to interact with hydroxyl radicals and the products formed in situ 
were analyzed on-line by mass spectrometry. Figure 2.4 shows the apparatus used for 








Figure 2.4 Schematic of atmospheric helium low-temperature plasma source.  
 
 
2.6.2 UV Photolysis 
 Recently our group reported radical formation via UV photolysis using a low-
pressure mercury (LP-Hg) lamp (20 mA, 2.54 cm lamp length, 0.64 cm diameter, double 
bore tubing with a synthetic quartz lamp casing) (model no: 81-1057-5, BHK, Inc., 
Ontario, CA).34,35 The primary emission from the lamp is 254 nm.  Figure 2.5 shows the 
typical experimental set-up when UV photolysis is used for radical generation. The 
nanoESI tip was on axis ~0.5 cm from the MS orifice and the lamp was positioned 
orthogonal to and centered on the plume at ~2 cm distance. To further minimize solution 
reactions, the nanoESI tips were wrapped in a thin layer of aluminum foil with 





Figure 2.5 UV photolysis for radical generation. 
  
2.7 Nomenclature 
When disulfide linked peptide ions are subjected to collisional activation, 
cleavage can happen at the amide bond or the C-S bond within a disulfide linkage.  The 
nomenclature of fragment ions resulting from the two types of cleavages are indicated in 
Scheme 2.1a using an interchain linked disulfide peptide as an example.  An ion labelled 
as BAbn or BAym indicates that the ion has an intact B chain disulfide linked to the 
fragment of A chain due to an amide cleavage.  The C-S bond cleavage leads to the 
separation of the two peptide chains (A and B) and the formation of disulfohydryl and 
dehydroalanine at the cleavage site.  These two complimentary ions are represented with 
superscripts “SSH” and “CH2” to each chain, respectively, e.g., 
SSHA and CH2B.  The 
same rules apply for peptides consisting of intrachain disulfide bonds.  However, for 
amide fragments containing an intact disulfide bond, labels such as S-Syn or 
S-Sbn are used.  
When disulfide linked peptides are subjected to reactions with OH radicals, the OH 
radical cleaves the disulfide bond, forming a sulfinyl radical (-SO•) and a sulfhydryl (-
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SH) at the cleavage site (a representative structure is shown in Scheme 2.1b).  Collisional 
activation of such peptide sulfinyl radical ions can lead to amide bond cleavages with the 
preservation of sulfinyl radical to the cysteine residue.  Fragment ions containing the 
sulfinyl radical are symbolized with SO• in the superscript, e.g., SO•bn or 
SO•ym, while 
SHym 
and SHbn stand for the complementary fragments which contain a free thiol (-SH) at the 
other cysteine residue.  Fragments consisting of both –SO• and –SH are indicated as 
SO•,SHbn or 
SO•,SHym.  Collisional activation of peptide sulfinyl radial ions can promote 
intramolecular reactions between the sulfinyl radical and a disulfide bond.  Thiosulfinyl 
(-SSO-) can be formed between two cysteine residues from such a process (a 
representative structure shown in Scheme 2.1c).  Amide bond cleavage outside the 
thiosulfinyl loop leads to the formation of SSObn or
 SSOym fragments. In chapter 6, peaks 
labeled as “A +1” indicate disulfide bond cleavage to form a thiol on the A chain of a 
polypeptide and the complementary peak labeled as “ A +31” indicate the addition of the 
methoxy radical to form a sulfenic methyl ester. b or y ions  containing “#” as a 
superscript indicate that ion has been modified by the addition of the methoxy radical to 







Scheme 2.1 Fragment nomenclature of cysteinyl peptide ions (charges are not indicated). 
(a) A peptide consisting of an interchain disulfide bond, (b) a peptide sulfinyl radical 
resulting from the reaction of an intrachain linked disulfide peptide with OH radical, and 
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CHAPTER 3 TANDEM MASS SPECTROMETRY (MSN) OF PEPTIDE DISULFIDE 
REGIO-ISOMERS VIA COLLISION-INDUCED DISSOCIATION: UTILITY AND 
LIMITS IN DISULFIDE BOND CHARACTERIZATION  
 




3.1 Introduction  
Disulfide bond formation is one of the most common post translational 
modifications and plays a key role in stabilizing the three-dimensional structure of 
proteins.1  Many proteins and naturally occurring peptides contain multiple disulfide 
bonds; but only one disulfide bond connecting pattern is biologically active.2  Therefore, 
pinpointing disulfide linkage pattern in addition to obtaining sequence information is 
critical in studying the biological functions of these proteins and peptides.3  Mass 
spectrometric (MS) techniques have become the popular choice for the analysis of 
disulfide linked peptides and proteins due to their high sensitivity and speed.4  
Sequencing of proteins containing disulfide bonds typically involves reductive cleavage 
of the disulfide bonds, alkylation of the thiol groups to prevent disulfide bond re-
formation, and enzymatic digestion followed by MS analysis.5  Electrolytic reduction of 
disulfide bonds followed by MS analysis has been recently reported to obtain structural 
information for both protein digests and whole proteins.6,7  Determining the disulfide 
bond connecting pattern is more complex, especially for proteins with highly knotted 




peptides with simple disulfide linkages (typically forming peptides with interchain 
disulfide bonds) before tandem mass spectrometric analysis (MS/MS).8  However, 
caution should be given to possible disulfide bond scrambling, which can occur at neutral 
or alkaline ph.9  This fact imposes restraints on the buffer pH ranges that can be used 
during digestion.  Chemical cleavage using reagents such as cyanogen bromide (CNBr) is 
an alternative for peptides or proteins resistant to enzymatic digestion.10  
In gas phase, cleavage of disulfide bonds is not generally observed under low 
energy CID conditions for positively charged ions with mobile protons.4,11  This is 
explained by Lioe et al. from the aspect that higher activation energy is required for the 
disulfide bond cleavage (40-70 kcal/mol) in protonated cystine and derivatives as 
compared to that required for amide bond cleavages.12  Low energy CID of deprotonated 
peptides,13-20 peptide ions with limited mobile protons,21 metal cationized peptide ions,22-
30 and MALDI-PSD31 show preferential cleavage of the disulfide bonds over peptide 
backbone.  In electron based dissociation (EXD), where X represents transfer,32 capture,33 
and detachment,34  both peptide backbone and disulfide bond cleavages can be observed, 
providing substantial sequence and linkage information.  Ultraviolet photon dissociation 
(UVPD) at 157 and 266 nm have been applied to disulfide linked peptide ions and 
cleavage of disulfide bonds with high specificity via electronic excitation was 
observed.19,35  Recently, our group showed that using atmospheric pressure ion/radical 
reactions, the disulfide bonds could be effectively cleaved and simultaneously mass 





Peptides containing multiple intrachain disulfide bonds are often encountered in 
biological systems functioning as hormones,38 defensins,39 and toxins,40  These peptides 
present a challenge for structural characterization by MS/MS alone due to the complexity 
of their gas-phase fragmentation chemistry.  Typically, sequence ions are only produced 
in the exocyclic region, while sequential amide bond cleavages giving rise to internal 
losses are observed under the disulfide loop(s).  Analysis based on further fragmentation 
of ions formed from internal loss of one or more amino acid (AA) residues has been used 
to identify the connectivity of disulfide bonds in peptides containing multiple disulfide 
bonds.  Guanylin, a biologically active peptide, containing two disulfide bonds was 
studied using MS2 beam-type CID on a triple-stage quadrupole tandem mass 
spectrometer.   Based on the formation of several distinct internal fragment ions from 
sequential dissociation, the connectivity of disulfide bridges of two isomers were 
identified.41  Recently, an MS3 CID approach based on the formation and fragmentation 
of internal fragment ions was used to determine disulfide bond connectivity within 
several conotoxin peptides containing two or three disulfide bonds. 42   
In this report, we utilized a multiple stage tandem mass spectrometry (MSn) 
approach to investigate the gas-phase fragmentation chemistry of disulfide regio-isomers 
of peptides containing two disulfide bonds under low energy CID conditions.  Disulfide 
regio-isomers present a good model system for understanding the effect of disulfide 
connecting patterns on the gas-phase fragmentation chemistry.  This type of knowledge 
would be extremely useful to develop strategies for deciphering disulfide bond 




studied.  The P1 system contained all three possible regio-isomers while only two could 
be synthesized for the P2 system (Table 3.1).   
 









See chapter 2 for detailed experimental conditions. 
 
 




3.3.1 Formation and Separation of P1 Peptide Disulfide Regio-Isomers 
P1-peptide has four cysteine residues and theoretically three disulfide regio-
isomers containing two disulfide bonds could be formed.  [Pt en2 (OH) 2 Cl] was found to 
be effective at forming all three regio-isomers while reducing interchain aggregation as 
compared to other oxidation methods (air oxidation, hydrogen peroxide, redox buffer, 









en2 (OH) 2 Cl].  There were three distinct peaks at 23.6, 25.7, and 28.5 minutes, labeled as 
P1-I, P1-II, and P1-III, respectively.  The nanoESI spectrum of the P1-I peak is shown 
in Figure 3.1b as an example.  Four charge states (+1 to +4) of the peptide can be seen, 
providing a calculated monoisotopic mass of 1547.7 Da as compared to 1551.7 Da from 
the fully reduced peptide.  The zoomed view of the 2+ ion is shown in the inset of Figure 
3.1b.  The isotopic distribution of this peak clearly suggests that there is no reduced or 
partially oxidized peptide species (i.e. with one disulfide bond) present.  Similar nanoESI 
spectra were observed for peaks P1-II and P1-III (data not shown), suggesting the 
successful formation of the three disulfide bond regio-isomers.  
  
 
Figure 3.1 (a) The RP- HPLC chromatogram of three P1 isomers eluting at 23.6 min (P1-
I), 25.7 min (P1-II), and 28.5 min (P1-III), respectively.  (b)  Positive mode nanoESI 
spectrum of P1-I peptide after RP-HPLC separation.  
 
 
Enzymatic digestion followed by MS/MS analysis was used to determine the 
disulfide bond connectivity for each isomer.  Initial trials using trypsin digestion failed to 
provide the linkage information likely due to disulfide bond scrambling under the slightly 





















































efficiency in acidic buffers (pH 6.4) was employed to avoid disulfide scrambling in 
solution.  After complete digestion of each regio-isomer by thermolysin, the digest was 
directly subjected to nanoESI.   
 









563.2, CARIC (1-5 S-S) 
 
580.3, CAR/ IC (interchain S-S) 
 
761.3,  CARICAK (1-5 S-S) 
 
823.3   LC/ LEVCK (interchain S-S)        
P1-II 
 
647.5, ICAKLC (2-6 S-S) 
694.5, CAR/ VCK (interchain S-S) 
936.6 CAR/ LEVCK (interchain S-S) 
P1-III 
 
580.3, IC/ VCK (interchain S-S) 
779.3, CAR/ AKLC (interchain S-S) 
823.3, CAR/ LCLE (interchain S-S) 
1021.4 CAR/ AKLCLE (interchain S-S) 
 
 
Table 3.2 summarized the main peaks observed from digestion.  The observation 
of distinct digest peaks from three isomers allowed for an initial speculation on the 
disulfide connecting patterns.   For example, the peak at m/z 763.3 from P1-I 
corresponded to CARICAK (C1-C5 S-S), which could only be possible for a C1-C5 and 
C9-C13 disulfide bond configuration.  The observation of m/z 937.6 from PI-II, CAR and 
LEVCK (connected by an interchain S-S) , indicated a C1-C13 and C5-C9 disulfide 
connecting pattern for this peptide; while the peak at m/z 581.3, IC and VCK (connected 
by an interchain S-S ) from P1-III suggested P1-III having the configuration of C1-C9 








Figure 3.2 MS2 beam-type CID (CE 20-30eV) of several singly charged ions obtained 
after thermolysin digestion. (a)  m/z 763.3 from P1-I.  (b)  m/z 937.6 from P1-II.  (c) m/z 
581.3 from P1-III 
 
 
 The CID pattern of m/z 763.3 (Figure 3.2a) correlated well with the assigned 
structure (CARICAK C1-C5 S-S) by the presence of b5, b6, and b6 +18 ions located 
outside the disulfide cyclic region, internal losses of R and RI, as well as ions resulting 
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3.2b) corroborates a peptide containing an interchain disulfide bond with each chain 
being CAR and LEVCK, respectively.  The observation of fragment ions, e.g. ABy2-3 and 
ABb2,4 confirmed the disulfide bond linkage (C1-C13 and C5-C9).  Peaks due to disulfide 
C-S cleavage giving rise to ASH, ASSH, A=CH2, and ABb4 +18, are also present.  Figure 3.2c 
shows the CID of the peak at m/z 581.3 from digested P1-III (C1-C9 and C5-C13 S-S). 
The two chain structure (IC and VCK) connected by an interchain disulfide bond was 
confirmed by the presence of peaks such as BAy1, ABy2, and ABb3.  Once again 
abundant chain separation via C-S bond cleavage (B=CH2, BSH, BSSH) along with an ABb2 
+18 Da ion can be observed. 
 
3.3.2 MS2 CID of P1 Disulfide Regio-Isomers 
  Figure 3.3 compares beam-type CID of [M+3H]3+ ions generated from the three 
disulfide regio-isomers, P1-I, P1-II, and P1-III. MS2 CID of P1-I (Figure 3.3a) gives rise 
to a series of b and y ions from the backbone area outside the two cyclic regions (due to 
the disulfide bond formation).  The presence of b5-8 and y6-9 fragments unambiguously 
suggests the location of the two disulfide bonds (C1-C5 and C9-C13), consistent with the 
results obtained from digestion. It is worth noting that the fragmentation pattern of P1-I 
is very different from that of P1-II and P1-III as shown in Figure 3.3b and 3.3c, 
respectively, while the CID spectra of the latter two are almost identical.  Other than the 
b13 and y1 ions which are derived from cleavage outside the cyclic region of the peptide, 
spectra are dominated by a series of internal loss ions (due to multiple backbone amide 







Figure 3.3 MS2 Beam-type CID (CE = 30 V) of [M+3H] 3+ for (a) P1-I, (b) P1-II, and (c) 
P1-III.   
 
 
Since MS2 CID could not differentiate P1-II and P1-III regio-isomers, MS3 on 
the major fragments observed from MS2 CID was conducted.  The internal fragment ions 
resulted from amide bond cleavages within the cyclic region covered by a single 
intrachain disulfide bond are of special interest.  This is because the internal cleavages 
open up the cyclic structure by converting the intrachain disulfide bond to an interchain 
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CID step.  The scenario is analogous to the strategy of enzymatic digestion to create 
interchain linked disulfide peptides, although it is performed in the gas phase.  Both 
beam-type and ion trap CID of the intact peptide ions produced internal fragment ions.  
However, beam-type CID gave higher intensities of those ions and therefore was chosen 
in the MS2 stage.  Given that the most intense fragment peak at m/z 718.5 (2+) could be 
either due to internal loss of I or L or a mixture of both, this ion was not used for further 
CID to avoid possible complication in structural analysis.   
The LE loss was a relatively abundant internal loss from all three isomers and two 
charge states (m/z 653.9, 2+ and m/z 436.3, 3+) could be obtained from CID of 3+ and 4+ 
of the intact peptide ions.  Figure 3.4 summarizes MS3 ion trap CID of the doubly 
charged LE loss ions (m/z 653.9) derived from each isomer.  The CID data from isomer 
P1-I (Figure 3.4a) shows a series of b and y ions (BAb5-7, and Ay1-4) located outside the 
cyclic region (C1-C5).  There are also internal fragment ions such as BAb2-A and BAb2-
I, which indicate that the C1-C5 intrachain disulfide bond remains intact. Fragments that 
resulted from interchain disulfide bond opening via C-S and S-S bond cleavages are also 
observed (ions labeled with BSSH, B=CH2, ASSH, ASH, A=CH2).  P1-II isomer (Figure 3.4b) 
shows b and y ions from outside the cyclic region (Ay5, BAb3, and BAb4) with a small 
degree of internal fragmentation (loss of K).  This spectrum has an abundant peak, ASSH, 
resulting from C-S bond cleavage of the interchain disulfide bond (C1-C13).  CID of m/z 
653.9 arising from P1-III (Figure 3.4c), where the entire A chain is covered by an 
intrachain disulfide bond (C1-C9), only shows b and y ions from the B chain (ABb2 and 
ABy22+).  Minimal internal fragment ions (loss of K) are observed and the most abundant 




None of the backbone ions (i.e. Ay5, BAb3, and BAb4) from isomer P1-II (Figure 3.4b) 
are present in Figure 3.4c.  This difference allows for the distinction and assignment of 




Figure 3.4 MS3 ion trap CID (16 mV and 200 ms activation) of 2+ LE loss ions (m/z 
653.9) generated from MS2 beam-type CID of the 4+ intact peptide ions: (a) P1-I, (b) P1-
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Unlike CID of 2+ LE loss ions where backbone fragments unique to each isomers 
were observed, MS3 CID of three isomers of 3+ LE loss resulted in identical fragment 
peaks (Figure 3.5).  These include a series of peaks in the region of m/z 450-650, i.e. 
ABb22+, AB -K, AB-L, and A=CH3.  Although CID conditions were identical for all 
isomers, P1-II (Figure 3.5b) produced higher relative intensity for most peaks observed.  
Interchain disulfide bond cleavage via the C-S cleavage was the most abundant peak 
observed in isomer P1-II.  This phenomenon was not observed in Figure 3.4 (the doubly 
charged loss of LE).  Clearly, the disulfide connecting pattern does have an impact on the 
fragment ions; however, at this point it is not clear why isomer P1-II produced higher 








Figure 3.5 MS3 ion trap CID (12 mV and 200 ms activation) of the 3+ LE loss ions (m/z 
436.3) generated from MS2 beam-type CID of the 4+ intact parent ions:(a) P1-I, (b) P1-
II, and (c) P1-III.  
 
 
Another abundant internal fragment peak chosen for MS3 experiments was m/z 
604.4 (Figure 3.6), doubly charged LEV loss ions.  The ions generated from P1-I peptide 




BAy1-2, 4) occurring outside the cyclic region, but no detectable sequence fragment ions 




Figure 3.6 MS3 Ion trap CID (70 mV and 200 ms activation) of 2+ LEV loss ions (m/z 
604.4) generated from MS2 beam-type CID of 4+ intact parent ions: (a) P1-I, (b) P1-II, 
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P1-II peptide also shows typical disulfide linked peptide fragmentation (Figure 3.6b).  
There are several b (BAb1-4) and y (y5-7) ions that appeared outside the cyclic region of 
the peptide as well as some internal fragments.  The fragmentation pattern of m/z 604.4 
for P1-III (Figure 3.6c) shows difference to the other two isomers.  However, several low 
intensity y (y6-7) ions which should be unique to P1-II are also present in isomer PI-III.  
One possible reason is that isomeric structures are formed due to intrachain disulfide 
bond opening during CID.  As shown in Scheme 3.1, collisional activation of LEV 
internal loss of P1-III can cause C-S bond cleavage within the interchain disulfide and 
lead to the formation of ASSH.  This peak is indeed observed in Figure 3.6c as one of the 
major fragments.  The ASSH contains an intrachain disulfide between C1 and C9, which 
can undergo sequential disulfide bond opening via C-S bond cleavage leaving a 
disulfohydryl at the N-terminus and dehydroalanine at the C-terminus.  Since the 
disulfide bond is opened, fragments due to amide bond cleavages within C1-C5 backbone 
range can be observed, including SSHAb3 (m/z 363.2), SSHAb4 (m/z 476.3), Ay6 (m/z 
630.3), and Ay7 (m/z 786.4).  These fragment ions are isomeric to those formed from P1-









Scheme 3.1 Consecutive disulfide bond opening via C-S bond cleavage yielding isomeric 




To gather proof on the proposed fragmentation pathway in Scheme 3.1, ASSH ions 
produced in MS2 CID from P1-II and P1-III isomers were subjected to further 
fragmentation.  As shown in Figure 3.7, the two spectra have remarkable similarities.  Of 
special interest are the y6-8 ions that appear in both spectra.  In isomer P1-II (Figure 3.7a) 
these are typical y ions containing an intact disulfide bond (y6-7).  In P1-III (Figure 3.7b) 
however, these ions are very likely formed form the process presented in Scheme 3.1, in 
which the opening of the disulfide bond loop via C-S bond cleavage allows the 
observation of the y6-8, SSHb3, and SSHb5-6 ions.  Close inspection of MS3 CID spectrum of 
P1-I isomer (Figure 3.6a) also indicated the presence of a small amount of SSHAb3 (m/z 




disulfide bond cleavages and amide bond cleavage similar to that being proposed in 
Scheme 3.1. 
     
 
Figure 3.7 MS3 ion trap CID (60 mV and 200 ms activation) of ASSH (m/z 496.8) formed 
from: (a) P1-II and (b) P1-III.   
 
 
The P2 peptide regio-isomers were also studied via MSn.  MS3 on the doubly 
charged internal loss of EK showed distinct fragmentation for the two isomers: side-by-
side (P2-I) and loop-within-a loop P2-II, (Figure 3.8), while the third isomer with 
overlapped disulfide bond configuration could not be synthesized.  As expected, P2-I 
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displayed amide bond cleavage outside the disulfide loop (Figure 3.8a).  The appearance 
of ABb2-4 and ABy5-7 confirmed the connectivity of this peptide (C1-C5 and C9-C13).  
P2-II showed amide bond cleavage along with some internal fragmentation (Figure 
3.8b).  Bb5, 7-8 and By2, 4 were seen in respectable abundances and corroborated well the 
assigned disulfide connecting pattern (C1-C13 and C5-C9).  The internal loss   of EK and 
Bb8- K were also observed further confirming the location of the disulfide.  
 
 
Figure 3.8 MS3 ion trap CID (50 mV 200 ms activation) of doubly charge EK loss (m/z 
















































































The fragmentation behavior of disulfide bond regio-isomers containing two 
intrachain disulfide bonds was investigated under low energy CID conditions via MSn 
approach.  By choosing the internal loss under the backbone region covered only by one 
disulfide loop, the intrachain disulfide peptide was converted to the interchain linked 
configuration.  Further subjecting the internal loss ions to collisional activation allowed 
observing sequence ions unique to each isomer, facilitating linkage assignment.  This 
strategy was successfully demonstrated with two peptide systems.  However, caution 
should be given to the possibility of consecutive disulfide bond openings which led to the 
observation of isomeric fragment ions from different isomers.  This imposes difficulty in 
making the direct assignment of disulfide connecting patterns.  Under this condition, 
multiple internal fragment ions should be selected and subjected to further stages of 
MS/MS in order to have a higher level of confidence in the disulfide bond linkage 
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CHAPTER 4 INTRA-MOLECULAR REACTIONS AS A NEW APPROACH TO 
INVESTIGATE BIO-RADICAL REACTIVITY: A CASE STUDY OF CYSTEINE 
SULFINYL RADICAL 
 
[K. L. Durand, X. Ma and Y. Xia, Analyst, 2014, 139, 1327] - Adapted from the Royal 





Cysteine, a sulfur containing amino acid, is one of the most reactive sites within a 
protein upon radical attack.1 Cysteinyl peptides such as glutathione act as redox buffers2 
and antioxidants to prevent or repair damage to cellular components caused by reactive 
oxygen species.3 Cysteine sulfinyl radical (SO•Cys) is a reactive intermediate involved in 
the inactivation of enzymes (i.e. pyruvate formate-lyase) utilizing the glycyl/thiyl radical 
in their catalytic functions upon exposure to air.4 Partially owing to the difficulty of 
detecting and characterizing transient species such as bio-radicals at low concentrations 
under physiological conditions, detailed knowledge is limited with regard to the reactivity 
and structures of protein radicals.  Studying the gas-phase chemistry of bio-radicals 
provides direct experimental evidences of their intrinsic chemical properties, which can 
be helpful in unveiling the fate of bio-radical species including intra- or inter-molecular 
radical transfer after the initial formation.   
Gas-phase ion/molecule reactions have been well established as a useful means to 
study bio-organic radical reactivity, structure, and migration.5-11 In our previous report, 
gas-phase ion/molecule reactions were utilized to investigate the reactivity of peptide 
68 
 
sulfinyl radical ions with organic disulfides, thiols, and oxygen in a linear ion trap mass 
spectrometer.12  Sulfinyl radical appeared to be the least reactive species relative to the 
thiyl and perthiyl radical. No detectable reaction products were observed from 
ion/molecule reactions of peptide sulfinyl ions with thiophenol.12  A possible reason of 
not observing hydrogen abstraction by -SO• from –SH (Reaction 1) might stem from the 
relatively large endothermicity of the reaction.  The bond dissociation energy (BDE) of 
an S-H bond (i.e., 69.8-81.4 kcal/mol in a variety of substituted thiophenols13 and 81.4-
88.5 kcal/mol in cysteine14) is typically much higher than that of the BDE of the SO-H 
bond (i.e., 68.6-74.1 kcal/mol for several sulfenic acids15).  However, Reaction 2, which 
is the sulfinyl exchange with a thiol group, should be thermally neutral.  If energetic 
collisions16 can overcome the associated reaction energy barrier, this reaction could be 
potentially observed.     
 
Peptide-SO• + RS-H   Peptide-SOH + RS• Reaction 1 
Peptide-SO• + RS-H   Peptide-S-H + RSO• Reaction 2 
 
In this study, we utilized intra-molecular reactions as an alternative way to study 
species of inherent low reactivity.  The key concept is to place the two functional groups 
of interest within the same molecule scaffold.  Such an ion is then subjected to additional 
activation (e.g. collisional activation) to enhance the interaction between the two 
functional groups (analogous to collisions) by overcoming the energy barrier necessary 
for conformational changes or reactions.  Intra-molecular proton or hydrogen atom 
transfers in biomolecule ion systems have been investigated in a similar fashion.17-19  The 
69 
 
advantage of intra-molecular reactions as compared to bi-molecular reactions exists in 
that the chances of the two functional groups interacting are no longer limited by 
collision rates or number density of reagents.20,21  In order to test the feasibility of this 
intra-molecular reaction approach, we chose to investigate the reactions between cysteine 
sulfinyl radical and thiol (no reaction products were observed using traditional 
ion/molecule reactions).  
 
Table 4.1 Peptide systems used to study intra-molecular reactions between sulfinyl and 
thiol.  Cys** refers to N-acetylated-L-cysteine-methyl ester, while Acm refers to 











See chapter 2 for detailed experimental conditions. 
 
 




4.3.1 CID of Intrachain Selectin 
 
Selectin binding peptide, a natural peptide with the first and last amino acid 
residue (cysteine) connected by an intrachain disulfide bond (Pep 1, sequence and 
structure shown in Figure 4.1a), was used as a model system to form peptide ions 
consisting of both sulfinyl (-SO•) and thiol (-SH) functional groups. Radical reactions in 
a nanoelectrospray ionization (nanoESI) plume were utilized to form the peptide ion 
system containing both a sulfinyl radical and a thiol group.22-24 In short, oxidative 
radicals (presumably OH radicals) produced by an atmospheric pressure low temperature 
helium plasma cleaved the intrachain disulfide bond of  Pep 1 via dissociative addition, 
leading to the formation of -SO• at one cysteine and -SH on the other one. Such a radical 
reaction product has a distinct mass (+ 17 Da) as compared to the intact peptide and 
therefore can be readily isolated in a mass spectrometer.  It is convenient to generate an 
intra-molecular system containing both -SO• and -SH functional groups within a peptide 
using this method.  However, ions formed in this manner may contain a mixture of 
peptide sulfinyl radical location isomers due to a possibility of forming SO•/SH at either 
disulfide sulfurs as indicated in Figure 1a. The radical reaction product (m/z 532.3) of 
Pep 1 was isolated and subjected to collisional activation.  The on-resonance ion trap 
CID data of the radical reaction product (m/z 532.3) of Pep 1 is shown in Figure 4.1b. 
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Peaks labeled as SHbn or SHyn indicate that fragment ions (b or y type) contain a thiol 
functional group at that cysteinyl residue, while the complimentary fragment ion, SO•bn or 
SO•yn, indicates the presence of the sulfinyl radical at the other cysteinyl residue.  The 
major fragment ions in Figure 4.1b, such as SHb5-8 and SO•y2-7, suggest that the sulfinyl 
radical is located at the C-terminal cysteine (having a structure of Pep 2-C).  The 
detection of SO•b82+ ions (45% relative intensity normalized to Hb82+, the base peak) 
clearly suggests the presence of the sulfinyl radical location isomer (sulfinyl radical at the 
N-terminus, Pep 2-N).  This phenomenon is consistent with results obtained from a 
different linear ion trap mass spectrometer.23  The population of the two isomers can be 
estimated based on the ratio of the total intensities of all fragment ions from each isomer.  
A ratio of 2.5 was calculated for Pep 2-C: Pep 2-N, corresponding to about 70% of Pep 







Figure 4.1 (a) Method of forming peptide ions consisting of both sulfiny radical and thiol 
based on radical reactions of Pep 1.  MS2 CID data of peptide sulfinyl radical ions (2+, 
m/z 532.3) via (b) ion trap CID, activation energy 60 mV and 200 ms activation time; and 
(c) beam-type CID, CE =17 V. 
 
 
Beam-type CID data of the 2+ peptide sulfinly radical ions (m/z 532.3) is shown 
in Figure 4.1c (Collision energy (CE), 17 V).  Compared to on-resonance ion trap CID, 
beam-type CID offers higher collision energy (in tens of eV vs. meV, lab energy frame) 
and energy deposition happens in a shorter time scale (~ sub ms vs. hundreds of ms).25   








































































































labelled in red; SHb2, 4-8 and SO•y2-7) and those arising from sulfinyl radical at the N-
terminal cysteine (peaks labelled in black; SO•b2-8 and SHy2-7) can both be detected in 
relatively high abundances.   A ratio of 0.96 was obtained for Pep 2-C: Pep 2-N, 
indicating that there is almost an equal amount of each isomer.  The ion trap and beam-
type CID results were highly repeatable from experiments conducted on different days.  
Given the fact that the same population of parent peptide sulfinyl radical ions was 
sampled, isolated, and subjected to ion activation/dissociation on a same instrument, it is 
intriguing that different populations of peptide sulfinyl radical isomers are deduced from 
beam-type and ion trap CID.  A possible cause leading to such a difference is that the 
sulfinyl radical reacts with a thiol within the peptide ion via a pathway proposed in 
Reaction 2 (exchange of sulfinyl radical) and therefore changes the population of isomers 
from their initial formation. However, without knowing the initial isomer population 
upon ion formation, it is difficult to characterize the factors that may affect Reaction 2 












4.3.2 MS2/MS3 Ion Trap CID of Standards 
 
 
Figure 4.2  Formation of Pep 2-N and 2-C (m/z 532.3, 2+) via MS2 ion trap CID of site 
specific sulfinyl radical ions derived from (a) Pep 4-N: activation energy 45 mV and 200 
ms activation time and (b) Pep 4-C: activation energy 40 mV and 200 ms activation time. 
 
Figure 4.2 shows the ion trap CID of Pep 4-N/4-C after radical reactions allowed 
for the formation of a site specific sulfinyl radical at the disulfide cleavage site. CID was 
used to gently remove Acm protecting group (labeled in red) leading to the formation 
radical ions Pep 2-N (m/z 532.3, Figure 4.2a.) and Pep 2-C (m/z 532.3, Figure 4.2b), 


















































































Figure 4.3 (a) Method of forming peptide ions consisting of site-specific sulfinyl radical 
and thiol. MS3 ion trap CID data of m/z 532.3 (2+) of  (b) Pep 2-N, activation energy 65 




In order to form a peptide system containing a site-specific -SO• and -SH (i.e., Pep 2-C 
and Pep 2-N in Figure 4.3), multiple variants of Pep 1 were employed.  Figure 4.3a 
shows one of the approaches via radical reactions of the interchain linked disulfide 
peptides in a nanoESI plume.26,27 Using Pep 4-C as an example, a Pep 1 variant with an 
Acm (acetamidomethyl) protecting group at the N-terminal cysteine and an interchain 
disulfide linkage at the C-terminal cysteine, the sulfinyl radical was formed at the C-
terminus due to the selective S-S cleavage from radical reactions.  This peptide sulfinyl 
radical ion species (m/z 567.8, 2+) was mass-selected and further subjected to collisional 
activation.  Gentle collisional activation allowed removal of the Acm protecting group 
and formation of a site-specific thiol group at the N-terminus (Pep 2-C, m/z 532.3, 2+).  
The sulfinyl radical location isomer, Pep 2-N (sulfinyl radical at the N-terminus and thiol 
at the C-terminus), was formed using the same approach shown in Figure 4.3a, however, 
started from Pep 4-N.  The data showing the formation of Pep 2-N and 2-C via MS2 CID 
are presented in Figure 4.2.  MS3 ion trap CID data of the peptide sulfinyl radical location 
isomers (Pep 2-N and Pep 2-C, m/z 532.3, 2+) are shown in Figure 4.3b and 4.3c, 
respectively.  All the sequence ions (SHy2-7 and SO•b5-8) observed in Figure 2b are 
consistent with the structure of Pep 2-N, where a sulfinyl radical is on the N-terminal 
cysteine.  There is also a small neural loss of 62 Da (CH2SO), which has been established 
as a signature loss for peptide sulfinyl radical ions.22,26,28  Similar to Pep 2-N, all the 
sequence ions (SHb3-8 and SO•y2-7) observed in Pep 2-C correspond to fragments with the 
sulfinyl radical at the C-terminal cysteine.  The predicted fragment ions from Pep 2-C 
and Pep 2-N are listed in Table 4.2.   
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Table 4.2 Predicted fragment ions for Pep 2-C and Pep 2-N. 
Pep 2-C Pep 2-N 
C(SH) Frag m/z Frag m/z C(SO•) Frag m/z Frag m/z 
I Hb1 104.0 Oy8 960.5 I Ob1 119.0 Hy8 945.5
E Hb2 217.1 Oy7 847.4 E Ob2 232.1 Hy7 832.4
L Hb3 346.1 Oy6 718.4 L Ob3 361.1 Hy6 704.4
L Hb4 459.2 Oy5 605.3 L Ob4 474.2 Hy5 590.3
Q Hb5 572.3 Oy4 492.2 Q Ob5 587.3 Hy4 477.2
A Hb6 700.4 Oy3 364.2 A Ob6 715.4 Hy3 349.2
R Hb7 771.4 Oy2 294.1 R Ob7 786.4 Hy2 278.1
C(SO•) Hb8 927.5 Oy1 137.0 C(SH) Ob8 942.5 Hy1 122.0
 
No products arising from hydrogen abstraction by sulfinyl radical or sulfinyl radical 
exchange with a thiol (Reaction 1 or 2, respectively) were observed after careful 
examination of the spectra. Indicative products from Reaction 1 would lead to fragments 
with a 1 Da increase of mass at the site of sulfinyl radical (to form sulfenic acid) and a 1 
Da decrease at the site of thiol (to form thiyl radical).  If there were products produced 
from sulfinyl radical exchange with a thiol (Reaction 2), there would be a distinctive 
mass difference of 15 Da between the corresponding b or y ions due to the exchange of H 
and O atoms.  For instance, if Pep 2-N were to undergo Reaction 2, the SO•bn ions would 
become SHbn ions (a 15 Da decrease) and the SHyn ions would become SO•yn ions (a 15 Da 
increase).  
4.3.3 Formation and Fragmentation of Pep 2-C via Pep 5-C  
Given the available MS instrument setting, beam-type CID can only be performed 
at MS2 stage and therefore it is impossible to directly compare ion trap and beam-type 
CID on the same population of sulfinyl radical ions using the method described in Figure 
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4.4.  To overcome this limitation, Pep 5-C (A Chain: CIELLQARC/B Chain: Cys**, A9-
B1 disulfide)  and 5-N (A Chain: CIELLQARC/B Chain: Cys**, A1-B1 disulfide) 
variants of Pep 1 consisting of a free thiol and an interchain disulfide linkage with an N-
acetylated -L-cysteine-methyl ester, were utilized to form Pep 2-C and Pep 2-N 
correspondingly in MS1 step .   Figure 4.4a depicts such a process using Pep 5-C as an 
example to form Pep 2-C sulfinyl radical ions on-line, which are further subjected to 
either beam-type or ion trap CID.  In the ion trap CID data (Figure 4.4b, activation 
energy 65 mV, activation time 200 ms), most observed fragments (SO•y2-7 and SHb3-8) 
belong to the original structure with sulfinyl radical at the C-terminal cysteine. The only 
peak that indicated sulfinyl radical exchange with the thiol group (Reaction 2) was 
SO•b82+, the intensity of which was seven times less than that of SHb82+ (Figure 4.4b inset).  
The population of the two isomers can be estimated based on the ratio of the sum of all 
fragment ions derived from each isomer.  A ratio of 14.1 was obtained for Pep 2-C: Pep 
2-N, corresponding to about 91% of Pep 2-C in the total ion population.   The appearance 
of the Ob82+ ion could be due to a small degree of isomerization of Pep 5C to Pep 5 N 
during sample processing.  Beam-type CID of Pep 2-C (m/z 532.3, 2+, CE 15V) (Figure 
4.4c) produces a series of sequence ions (SHb2-8 and SO•y2-7) consistent with the original 
structure in which the sulfinyl radical is formed at the C-terminus. However, there are 
also backbone fragments including SO•b2, 5-7 and their complimentary fragment ions SHy2-5, 
7, indicating the transfer of sulfinyl radical to the N-terminus (labeled in red in Figure 
4.4c).  These fragments could only be the result of sulfinyl radical exchange with the 
thiol group (Reaction 2) and their intensities are almost at 1:1 ratio with fragments of the 
original structure (i.e. the ratio between SHb8: SO•b8 is 1.1 while the ratio between SO•y5: 
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SHy5 is 0.9).    A ratio of 1.7 was obtained for Pep 2-C: Pep 2-N, corresponding to about 
61% of Pep 2-C in the total ion population. The list of ions and their intensities are 
provided in Table 4.3 and 4.4. 
 
Table 4.3 List of ions and intensities observed for ion trap CID of Pep 2-C derived from 
Pep 5-C. Intensity (counts per second, after background subtraction)  
 














I Hb1 n/a Oy8 n/a n/a I Ob1 n/a Hy8 n/a n/a n/a 
E Hb2 n/a Oy7 4827 4827 E Ob2 n/a Hy7 500 500 91 
L Hb3 3300 Oy6 8500 11800 L Ob3 100 Hy6 100
0 
1100 92 
L Hb4 8000 Oy5 9580 17580 L Ob4 1700 Hy5 170
0 
3400 84 
Q Hb5 18500 Oy4 2450
0 
43000 Q Ob5 500 Hy4 160
0 
2100 95 
A Hb6 12100 Oy3 1650
0 
28600 A Ob6 494 Hy3 778 1278 96 
R Hb7 14500 Oy2 1150
0 














All Frag intensities of Pep 2-C 67130
7 












Table 4.4 List of ions and intensities observed for beam-type CID of Pep 2-C derived 
from Pep 5-C. Intensity (counts per second, after background subtraction)  




































































All Frag intensities of Pep 2-C 10248
4 





The data were re-organized in Figure 4.4d to reflect the population of Pep 2-C at 
individual cleavage sites under ion trap and beam-type CID conditions.   Pep 2-C % is 
calculated as the total intensity of complementary SHb and SO•y ions from Pep 2-C at a 
given cleavage site over the sum of backbone fragments at that site from both Pep 2-C 
and Pep 2-N if there is sulfinyl transfer.  As shown in Fig 4.4d, the detected fragments 
reflect that Pep 2-C is the major ion form, accounting for 91% of the total ion population 
under ion trap CID condition. Contrary to the ion trap CID data, when the same 
population of ions were subjected to beam-type CID, Pep 2-C % decreases to 61% in the 
total ion population. This change of Pep 2-C % provides unambiguous evidence that 
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sulfinyl radical has transferred from C-terminus, the initial site, to N-terminus under 
higher energy activation conditions.   
 
 
Figure 4.4 (a) Method of forming Pep 2-C via Pep 5-C (b) ion trap CID, activation 
energy 60 mV and 200 ms activation time (c) Beam-type CID CE 15 V. inset in (b) 
shows the full scale spectra from m/z 450-550 (d) Graph showing the Pep 2-C % at each 






4.3.4 Effect of Energy on Pep 2-C Ion Population 
 
Activation energies as well as degrees of parent ion consumption were not found 
to significantly affect the reproducibility of CID spectra of Pep 2-C and they provided 
consistent isomer ratios (Table 4.5).  Since the data in Figure 4.3 suggest that there 
should be no sulfinyl transfer under ion trap CID conditions, the 91% purity of Pep 2-C 
in Figure 4.4b is likely due to a small degree of isomerization of Pep 5-C to Pep 5-N 
before reactions during sample preparation (vacuum drying or storage).  It has been 
shown that the  free thiol group is very sensitive to air oxidation and pH changes and 
disulfide scrambling may occur.29  This is probably also the reason that a less pure Pep 2-
N is obtained from Pep 5-N (data not shown).   
 
Table 4.5 Effect of energy on Pep 2-C ion population 
Ion Trap CID 
CE (mV) Pep 2-C %
% of parent ion 
dissociated 
Beam-type CID 
CE (V) Pep 2-C % 
40 85 N/A 10 62 
50 88 82 15 61 




In summary, we report a new approach utilizing “intra-molecular reactions” to 
facilitate reactions between cysteine sulfinyl radical (SO•Cys) and thiol (-SH).  Energetic 
collisional activation allows the two functional groups to come close enough for reactions 
and also supplies energies to overcome associated reaction activation barriers.  Many of 
the limitations (reaction rates, low product yields, etc…) of bimolecular ion/molecule 
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reactions can be circumvented using intra-molecular reactions.  A new reaction channel 
involving the exchange of sulfinyl radical and thiol was observed and characterized for 
the first time utilizing this approach. Note that this reaction channel was not observed 
using traditional ion/molecule reactions even though the reaction should be thermally 
neutral.  This reaction phenomenon is of special interest as it may have implications on 
how a radical (sulfinyl) intermediate migrates in a protein system and attacks other 
functional groups, resulting in conformational or functional changes.  In addition, it also 
suggests that this oxidative damage can be potentially repaired by reacting with a nearby 
thiol group.   Although in this study we chose the reaction between sulfinyl radical and 
thiol for proof-of-principle demonstrations, this approach can be easily applied for a 
variety of reactions as long as the two reaction functional groups can be tethered within a 
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CHAPTER 5 INTRA-MOLECULAR REACTIONS BETWEEN CYSTEINE 
SULFINYL RADICAL AND A DISULFIDE BOND WITHIN PEPTIDE IONS 
 




Radicals or  reactive oxygen species (ROS) play crucial roles in biological 
systems.1  They are constantly generated in cells and their concentrations (in nM range) 
are rigorously regulated via multiple mechanisms. It was also revealed that many of the 
radical species are involved in cell signaling 2 and can be used by the immune system to 
fight invading organisms.3  However, due to their highly reactive nature, radicals can 
induce irreversible modification of biomolecules and lead to cell death when their local 
concentrations are too high.4 Cysteine, a sulfur-containing amino acid, is known to be 
very susceptible to radical attack.5  Cysteine containing peptides such as glutathione (in 
disulfide reduced or oxidized forms) function as redox buffers and antioxidants to 
maintain cell redox homeostasis.6,7 
 Cysteine sulfinyl radical (SO•Cys) has been detected as an intermediate during the 
inactivation of enzymes (i.e. pyruvate formate lyase) utilizing the glycyl/thiyl radical in 
their catalytic functions upon exposure to air.8  Detailed knowledge of cysteine sulfinyl 
radical in protein systems such as their reactivity and structure is very limited from 





bio-radicals under physiological conditions.  Carefully examining the gas-phase 
chemistry of bio-radicals can provide experimental evidence of their intrinsic chemical 
properties; this information will also provide mechanistic insight of the fate of protein 
radical species including intra- or inter-molecular radical transfer after the initial 
formation.  The formation of site-specific peptide sulfinyl radical ions in the gas phase 
has been reported by our group based on radical reactions in the nanoelectrospray 
ionization (nanoESI) plume and therefore allowed its fundamental chemical properties to 
be investigated in the gas phase in detail.9,10  Gas-phase ion/molecule reactions have been 
used by many research groups as a means to study peptide radical reactivity, structure, 
and migration.11-17  The reactivity of peptide cysteine sulfinyl radical ions with organic 
disulfides, thiols, and molecular oxygen in a linear ion trap mass spectrometer was 
investigated via ion/molecule reactions recently.18  The sulfinyl radical appeared to be the 
least reactive relative to the thiyl and perthiyl radical, which agreed with studies in the 
condensed phase.19-21  The low reactivity was in-part due to the delocalization of the spin 
between the sulfur and oxygen atom within SO•Cys as shown by theoretical calculations.22  
This chemical property of SO•Cys makes it difficult to further characterize its reaction 
products due to low reaction yields (typically < 1%) and expand the scope of 
investigation to other reactions.   
Note that the reaction yield of gas-phase ion/molecule reactions is affected by 
several factors including 1) collision rate constant (kcollision ~10-9 cm3/ (molecule·s)),23-27 
2) the number density of neutral reagents, 3) inherent reaction efficiency (the fraction of 
collisions leading to reaction), and 4) reaction time (ms to s).  For a reaction with inherent 





number density) or reaction time will help, however, only to a limited degree. We 
recently utilized a new approach, “intra-molecular reactions”, as an alternative means to 
study reactions having inherent low reactivity.   The two functional groups intended for 
reaction are placed within the same peptide ion and collisional activation is used to 
overcome energy barriers associated with reactions and peptide conformation changes.  
In such a system, the chance of the two functional groups interacting is determined by the 
vibrational frequency of the peptide scaffold.  This frequency is independent of the 
collisional rate constant in traditional ion/molecule reactions, and can be tuned to a much 
larger magnitude due to vibrational excitation of the ion from collisional activation.  We 
have successfully applied this approach to probe the reaction between cysteine sulfinyl 
radical and free thiol.  When sulfinyl radical was allowed to react with free thiol using the 
intra-molecular reaction approach, a new reaction channel, sulfinyl exchange with thiol 
was observed (Peptide-SO• + RS-H   Peptide-S-H + RSO•).28  This reaction channel 
required high activation energy (such as in beam-type CID) and was absent from 
ion/molecule reactions performed in a linear ion trap.  
Previous ion/molecule reaction studies showed that peptide sulfinyl radical 
(Peptide-SO•) ions did react with a disulfide bond (RS-SR) although with a very low 
yield (<0.2%,  reaction time: 3-10 s,  trap pressure: 6 mTorr) 18.  The detected reaction 
proceeded via alkyl sulfide (RS-) abstraction by sulfinyl radical leading to the formation 
of thiyl radical and alkyllthio-sulfinyl (S-O-SR) (Reaction 1).  An alternative reaction 
pathway, Reaction 2, was not observed which would involve peptide sulfinyl radical 
exchange with a disulfide bond, causing the formation of a new disulfide bond and alkyl 





overcoming a significant energy barrier and was therefore not observed under 
conventional ion/molecule reaction conditions. If energetic collisions are applied to 
overcome the associated reaction energy barrier,29  this reaction could be observed.   
 
Peptide-SO• + RS-SR             Peptide-SO-SR + RS•           (1) 
            Peptide-SO• + RS-SR              Peptide-S-SR + RSO•         (2) 
 
In this study, intra-molecular reactions aided by collisional activation were further 
utilized to study the reactions between cysteine sulfinyl radical and a disulfide bond (both 
intra and interchain).  Experimental results obtained from model peptide systems which 
contained one disulfide bond and one cysteine sulfinyl radical all showed that both 
Reaction 1 and Reaction 2 happened upon collisional activation of the peptide ions.  
These two types of intramolecular reactions of cysteine sulfinyl radicals induced disulfide 
bond opening or scrambling within a peptide ion system.  As a consequence, collisional 
activation of peptide disulfide regio-isomers consisting of SO•Cys led to enhanced 
sequence information from backbone regions covered by a disulfide bond; however the 











Table 5.1 List of cysteinyl peptides studied herein.a 
 



















 a The peptides are indicated with single letter sequences. The connection line between 
two “C”s within a peptide represents a disulfide linkage.  The symbol, (SO•C), stands for 




See chapter 2 for detailed experimental conditions. 
 
5.3 Results and Discussion 
 
5.3.1 Reactions of -SO• and S-S in an Interchain Disulfide Peptide System 
Peptides that vary in length, sequence and disulfide connectivity were tested 







































a disulfide bond.  The formation of site-specific cysteine sulfinyl radicals from disulfide 
linked peptides has been described elsewhere.9,10    P1 peptide is used as an example to 
illustrate such peptide sulfinyl radical ion formation and the subsequent CID in Figure 
5.2.  P1 peptide (having three chains: A-B-C) was subjected to reactions with OH 
radicals in the nanoESI plume and either disulfide bond could be cleaved forming the 
sulfinyl radical at the cleavage site.  Upon cleavage of the disulfide bond between chains 
B and C, a sulfinyl radical was formed at the N-terminal cysteine of B chain (P1N- SO•).  
The MS1 spectra of P1 peptide before and after radical reaction can be found in the 
Figure 5.1.   
 
 
Figure 5.1 (a) MS1 of P1 before radical reaction.  (b)  MS1 of P1 (m/z 480-560) after 
radical reaction had occurred. 
















































The newly formed peptide sulfinyl radical ion (m/z 529.3, 2+) was mass selected and 
activated via beam-type CID (CE: 5 V, Figure 5.2b).  For clarity, all the peaks 
corresponding to the intra-molecular reaction products (Reaction 1 or 2) are colored in 
red.  Low energy collisional activation of this ion led to limited fragmentation channels 
corresponding to the separation of two chains (m/z 490.3, 507.3, 551.2, 567.2) and water 
loss (m/z 520.2).  Fragment ion at m/z 567.2 has a +16 Da mass shift relative to the singly 
protonated B chain (S•CAEK S•C) and it is assigned as the structure containing an oxygen 
inserted into the intrachain disulfide bond.  Its complementary fragment ion, A chain 
thiyl radical ion (IEK S•C), should appear at m/z 491.5.  This ion is present with relative 
low intensity as it might undergo sequential loss of H atom (m/z 490.3) or other radical 
induced fragmentation channels. These two fragment ions are consistent with Reaction 1, 







Figure 5.2 (a) Method of generating P1N-SO• from radical reactions of P1 and 
intramolecular reactions (Reactions 1 and 2) resulting from subsequent collisional 
activation. (b) Beam-type CID of P1N-SO• (m/z 529.3, CE 5 V). (c) MS3 CID of m/z 
551.3 (activation energy 40 mV, activation time 200 ms). (d) MS3 CID of m/z 507.3 
(activation energy 40 mV, activation time 200 ms). 
 
 
The ion at m/z 551.2 has no mass shift relative to the singly protonated B chain 
([•SCAEKS•C+H] +, m/z 551.2), indicating formation of a disulfide bond within the 
peptide chain since it is unlikely to have two thiyl radicals within the structure.  Indeed, 





of a lysine residue (-K), corroborating that the ion has a cyclic structure.  The sequential 
C-S bond cleavage and peptide amide bond cleavage produce fragment ions at m/z 295.0, 
336.1, 465.2 and thus further support the assignment of disulfide bond formation between 
the first and last cysteinyl residues. The cleavage at the C-S bond within a disulfide 
linkage leading to the formation of dehydroalanine at one cysteine and disulfohydryl at 
the other cysteine has been frequently observed for disulfide peptide ions under 
collisional activation conditions.30,31   
The fragment ion at m/z 507.3 is the A chain (IEK (SO•C)) containing the sulfinyl 
radical based on its MS3 CID (Figure 5.2d). The spectrum is dominated by the neutral 
loss of 62 Da (CH2SO), a signature loss fragmentation channel for the sulfinyl radical 
ion, giving rise to a glycyl radical ion9,22,32.  Radical-directed fragmentation of the thus 
formed glycyl radical ion leads to sequential losses of 59 Da (from glutamic acid side 
chain) and 58 Da (from lysine side chain) 9. There is also a small degree of 49 Da (HSO) 
loss, which is another signature loss of sulfinyl radical.  A small sequence ion, b3, is also 
present.  Its m/z 371.2 corresponds to the unmodified sequence (IEK) and thus suggests 
the sulfinyl radial is located at the C-terminus cysteine residue.  It is worth noting that 
m/z 507.3 (IEK (SO•C)) and 551.2 ( ) product ions are complementary fragments 
from CID of P1N-SO•.  A logical pathway of forming these products has to go through 
intra-molecular reaction between the -SO• and the S-S bond via Reaction 2, in which the 
exchange of -SO• with S-S leads to the formation of a new sulfinyl radical and a new 
disulfide bond.  The MS2 and MS3 CID data of P1N-SO• (Figure 5.2) clearly 
demonstrated the existence of two intra-molecular reaction pathways between sulfinyl 






molecular reaction phenomenon was observed with the aid of collisional activation.  The 
data can be found in Figure 5.3. These results are of significance since sulfinyl radical 
exchange with a disulfide bond (Reaction 2) is a new reaction channel only revealed by 
intra-molecular reactions with the assistance of collisional activation.   
 
 
Figure 5.3 (a) Formation of the P1C- SO• peptide starting from P1. (b) Beam-type CID 
of the site-specific sulfinyl radical P1-r peptide (m/z 529.3, CE 10 V). (c) MS3 CID of m/z 
551.3 activation energy 40 mV and 200 ms activation time. (d) MS3 CID of m/z 505.3 






5.3.2 Reactions of -SO• and S-S in an Intrachain Disulfide Peptide System 
To determine whether the type of disulfide bond, i.e. interchain vs. intrachain, 
played a role in the intra-molecular reactions observed, the P2 peptide was selected for 
studying reactions between -SO• and an intrachain disulfide bond.  Figure 5.4a outlines 
the method of forming P2C-SO• ions from radical reactions of P2 peptide and 
subsequent CID experiments.  P2C-SO• has a sequence of I2CAKL6CLEV10CK, in 
which a disulfide bond is formed between C2 and C6 and a sulfinyl radical is formed at 
C10.  In order to detect intra-molecular reactions, P2C-SO• (m/z 618.4, 2+) was 
subjected to collisional activation (Figure 5.4b, ion trap CID, activation energy 60 mV for 
200 ms).  Several fragments belonging to the original structure of P2C-SO• (i.e. no 
sulfinyl radical transfer) are present such as sequence ions b6-9 and the internal loss of 
both lysine and leucine (-KL, m/z 995.4).  We also observed b/y-types of fragment ions 
indicating the change of the original ion structure due to reactions of the C10 sulfinyl 
radical and the C2 -C6 disulfide bond.  For instance, y-type fragment ions (m/z 692.3, 
805.4, 933.4) containing an intrachain disulfide bond between C6 and C10 were detected.  
Fragments due to mass shift of +16 Da relative to the intact b ions from the original 






Figure 5.4 (a) Method of generating P2C-SO• from radical reactions of P2 and 
intramolecular reactions (Reactions 1 and 2) resulting from subsequent collisional 
activation.  (b) Ion trap CID of the site-specific sulfinyl radical P2C-SO• peptide (m/z 
618.4, 2+, activation energy 60 mV and 200 ms activation time).  (c) MS3 CID of S-Sy6 
(m/z 692.3, activation energy 40 mV and 200 ms activation time). (d) MS3 CID of SSOb6 
(m/z 646.3, activation energy 33 mV and 200 ms activation time. 
 
 
MS3 CID was used to further verify the identities of these product ions.  Figure 5.4c 
shows the MS3 CID of m/z 692.3, which has a mass match to y6 consisting of a disulfide 
bond (1CLEV5CK, C1-C5 disulfide bond), denoted as S-Sy6.  The loss of internal amino 





detected sequence ion, b5, also has a cyclic structure evidenced by its internal loss of 
valine (b5-V, m/z 447.2) and glutamic acid (b5-E, , m/z 417.2 ).  Those ions all support the 
structural assignment of S-Sy6.  Similar methods were applied to m/z 805.4 and 933.4, and 
those ions were assigned as S-Sy7 and S-Sy8, respectively.  The ion at m/z 646.3 (labeled as 
SSOb6 in Figure 5.4b) has a +16 Da mass shift relative to b6 (sequence: I2CAKL6C, C2-C6 
disulfide bond).   MS3 CID of this ion is shown in Figure 5.4d. The internal losses (-K, -
AK) indicate that the ion still has a cyclic structure.  The only sequence ion observed is 
SSOy5, which occurs outside of the cyclic backbone region and contains the +16 Da mass 
shift.  Since no fragment ions corresponding to sulfinyl radical (i.e., loss of 62 or 49 Da) 
are observed, this ion should be an even electron species and the addition of +16 Da 
likely occurs at the disulfide bridge.   
The possible pathways of intramolecular reactions and subsequent fragmentation 
leading to S-Sy6-8 and SSOb6,7 ions are suggested in  Figure 5.4a.  Reaction 2 leads to the 
formation of a new disulfide bond between C6 and C10, transferring sulfinyl radical to 
C2 residue.  Amide bond cleavages outside the C6-C10 disulfide loop produce S-Sy6-8 ions. 
This surviving Reaction 2 product can further undergo Reaction 1, transforming the 
original disulfide bond within P2C-SO• to the thio-sulflinyl structure.  The amide bond 
cleavages outside the thiosulfinyl loop give rise to SSOb6, 7 ions.   As evidenced by the data 
in Figure 5.4, both types of intramolecular reactions are detected between sulfinyl radical 








5.3.3 Effect of Ion Charge State on Reactions of -SO• and S-S 
The P3 peptide was used for formation of peptide sulfinyl radical ions (P3C-SO•, 
structure shown in Figure 5.5a) with different charge states so that the effect of the charge 
state on intra-molecular reactions could be investigated.  The CID for the doubly charged 
P3C-SO• is shown in Figure 5.5a.  In this charge state where a mobile proton is present, 
b/y- type sequence ions dominate the spectrum.  The presence of sequence ions BAy1-5, 7 
and SO•b4-8 is consistent with the original ion structure of P3N-SO•, i.e. sulfinyl radical is 
located at the C-terminal cysteine of A chain.  However, the fragment ions labeled in red, 
i.e., SO•y2-4, 6, 7 and BAb2-5, 7, 8, could only have resulted from sulfinyl radical exchange 
with a disulfide bond (Reaction 2), leading to a new structure with B chain disulfide 
linked to the N-terminal cysteine of A chain and sulfinyl radical located at the C-terminal 
cysteine of A chain (P3C-SO•, structure indicated in Figure 5.5a inset).  Depending on 
the relative orientation of sulfinyl radical and a disulfide bond, Reaction 2 can also lead 
to sulfinyl radical transfer to B chain and a new disulfide bond being formed within A 
chain (1CIELLQAR9C, C1-C9 disulfide bond).  Indeed, the peak at m/z 1046.6 
corresponds to A chain consisting of a disulfide bond, although at relatively low 
abundance.  Its complementary reaction product, B chain sulfinyl radical ion, was not 
detected likely due to the low mass cutoff in ion trap CID.   
 
 






Figure 5.5 (a) Ion trap CID of doubly charged P3N-SO• peptide (m/z 619.8, activation 
energy 20 mV and 200 ms activation time).  (b) Ion trap CID of the singly charged P3N-
SO• (m/z 1238.7 activation energy 40 mV and 200 ms activation time). 
 
 
MS2 CID of the singly charged P3N-SO• (Figure 5.5b) shows a very different 
fragmentation pattern as compared to the 2+ charge stage.  Since no mobile proton is 
present in this ion, the peptide amide bond cleavages are largely suppressed and other 
reaction/fragmentation channels become more competitive.  For instance, the peak at m/z 
1046.6 (A chain with an intrachain disulfide bond), resulting from sulfinyl radical 
exchange with a disulfide bond, is a prominent channel as compared to that observed 
from CID of 2+ ions.  There is no direct evidence of forming P3C-SO• from Reaction 2 
since the new structure is isomeric to the parent ion (P3N-SO•) and no sequence ions are 
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generated from 1+ charge state.  Other sulfinyl radical associated fragmentation channels 
are observed, including losses of 49 Da (SOH) and 62 Da (CH2SO). The 62 Da loss 
leaves a carbon centered glycyl radical at the original SO•Cys site, which can further 
attack the interchain disulfide bond leading to the formation of m/z 1032.6. The neutral 
loss of 15 Da peak might come from chemical interferences having close m/z to P3N-SO• 
upon radical ion formation.  Since sulfinyl radical exchange with the disulfide bond was 
observed from the singly charged as well as the doubly charged ion, it is safe to assume 
that ion charge state did not play a significant role in affecting the sulfinyl radical 
reactivity.   
 
5.3.4 Implications in the Analysis of Disulfide Linked Peptide Regio-Isomers 
Formation of disulfide bonds is one of the most common post translation 
modifications and plays a vital role in stabilizing the three-dimensional structure and 
function of many proteins and naturally occurring peptides.33,34 In many naturally 
occurring peptides, only one specific disulfide bond bridging pattern makes the peptide 
biologically active, although theoretically there are many ways of connecting disulfide 
bonds.35  Pinpointing the disulfide bond connectivity in systems containing multiple 
disulfide bonds is crucial in understanding the structure and function of those peptides.  
We therefore purposely introduced SO•Cys to peptide disulfide regio-isomer systems to 
test how radical reactivity would affect the extent of structural information that could be 
obtained from CID conditions.  Three disulfide bond regio-isomers were obtained from 
forming two disulfide bonds within the P4 peptide (CARICAKLCLEVCK) due to the 





shown in Table 5.1.   The oxidized P4 peptide contains two disulfide bonds; therefore, 
products resulting from OH radical reaction at one or two disulfide bonds can be both 
observed. The reaction product (m/z 522.7, 3+), corresponding to the cleavage of one 
disulfide bond can be readily isolated for CID since it has a distinct mass shift of +17 Da 
(OH) relative to the intact peptide ion (m/z 517.0, 3+).  It is worth noting that the radical 
ions formed this way are a mixture of sulfinyl radicals at different cysteine residue 
locations due to the lack of selectivity of the radical reaction toward a specific disulfide 
bond.  The CID data of the cysteine sulfinyl radical ions formed from P4 disulfide bond 
regio-isomers are summarized in Figure 5.6.  Ion trap CID of the sulfinyl radical ions 
(m/z 522.7, 3+, Figure 5.6a) from P4-I, which has a C1-C5 and C9-C13 disulfide bond 
connecting pattern, produces fragments b5-8, y6-7 and b133+ from backbone region outside 
of the disulfide loops.  These ions do not contain any mass shift due to radical reactions 
(adding an oxygen and a hydrogen to a disulfide bond) and are also present in the CID of 
protonated disulfide intact P4-I ions as discussed in detail elsewhere.30  The signature 
neutral loss of 62 Da (CH2SO) from sulfinyl radical is also present, which can undergo 
another neutral loss of 46Da (SCH2) to give rise to the 108 Da loss.32   Peptide backbone 
fragments consisting of the radical reaction modified cysteinyl residue(s) are also 
observed, including SHy3,5,SO•,SHb6,7, SO•,SHy6,7.  The superscripts of “SH” and “SO•” 
indicate the mass increase due to the addition of an H (+1 Da) or both O and H (+17 Da) 
relative to the original structure of P4-I.  The observation of SHy3, 5 from the backbone 
region which is originally covered by a disulfide bond (C9-C13) proves that this disulfide 
bond is cleaved from the radical reactions.  The presence of SO•, SHb6, 7 and SO•, SHy6, 7 ions 






Figure 5.6 Ion trap CID of triply protonated sulfinyl radical ions (m/z 522.7, 3+, 
activation energy 40 mV and 200ms activation time) derived from radical reactions of 
peptide disulfide regio-isomers: (a) P4-I, (b) P4-II and (c) P4-III 
 
 
Collisional activation of sulfinyl radical ions with the other two disulfide regio-
isomers, P4-II (an overlapped disulfide connecting pattern, C1-C13 and C5-C9) and P4-
III (an intertwined disulfide connecting pattern, C1-C9 and C5-C13) are shown in Figure 
5.6b and 5.6c, respectively.  The two CID spectra are almost identical to each other and 
only show a small difference to Figure 5.6a in terms of the ion identity and ion relative 
intensity.  Peptide amide bond fragments from one disulfide bond covered region are 
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observed including SO•b3, SHy3, SHy5 and   SO•, SHy6. These ions are consistent from cleavage 
of one disulfide bond from radical reactions.  However, it is interesting that backbone 
fragments S-Sb5-8 and S-Sy6-7 which are derived from the backbone region originally 
covered by two disulfide bonds (from C5 to C9 in P4-II and III) are also present.  Note 
that S-Sb5-8 and S-Sy6-7 ions have the same mass as those detected from P4-I and they have 
one disulfide bond.  The only possible way of forming these fragment ions is through 
intra-molecular sulfinyl radical exchange with a disulfide bond as discussed earlier.  It is 
also because of intra-molecular radical transfer reaction that the fragmentation patterns of 
the three disulfide regio-isomers are very similar to each other.  On one side, this results 
in the difficulty in distinguishing disulfide connecting patterns directly from CID of these 
sulfinyl radical ions.  On the other side, the radical transfer reactions allow more 
sequence information to be obtained due to the fact that sulfinyl radical reactions open up 
peptide backbone regions to produce the traditional b- and y- type sequence ions.  A 
similar radical induced disulfide bond opening phenomenon has been observed for the 
same peptide system (P4 peptides) using ETD as the dissociation technique,36 indicating 
the common nature of the disulfide bond related radical chemistry independent of how 
the peptide radical ions are formed initially. 
 
5.4 Conclusions 
Intra-molecular reactions assisted by collisional activation proved to be an 
effective means to investigate sulfinyl radical reactivity.  A new reaction channel was 
discovered, involving sulfinyl radical exchange with a disulfide bond, leading to the 





systems.  The identities of the reaction products were confirmed using MSn CID.  This 
reaction phenomenon was consistently observed in different peptide systems that varied 
in lengths, amino acid compositions, and disulfide bond connecting properties. Peptide 
ion charge state did not show significant effect on sulfinyl radical reactivity.  When 
SO•Cys was introduced to peptide disulfide regio-isomer systems, the exchange of sulfinyl 
radical with disulfide bond allowed more sequence information to be obtained; however, 
the disulfide bond connecting pattern could not be determined due to the radical induced 
disulfide bond scrambling. The reactivity study of sulfinyl radical might shed light on 
how a reactive protein radical intermediate attacks neighboring disulfide bonds causing 
disulfide bond scrambling and ultimately loss of function for a protein.  Although we 
only studied the reactions between sulfinyl radical and a disulfide bond in this report, the 
intra-molecular reaction approach could be modified to study the reaction between any 
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CHAPTER 6 FORMATION AND REACTION OF THE METHOXY RADICAL WITH 





Oxidation of two cysteine residues leads to the covalent formation of a disulfide 
bond. Formation of disulfide bonds is one of the most common post translation 
modifications and plays a vital role in stabilizing the three-dimensional structure and 
function of many proteins and naturally occurring peptides.1-3  In addition, 
macromolecular pharmaceuticals have recently begun to utilize disulfide bonds as drug 
delivery tools.4  Due to their high sensitivity and speed, mass spectrometric (MS) 
techniques have become the popular choice for the analysis of disulfide linked peptides 
and proteins.5  In the gas phase, cleavage of disulfide bonds is not generally observed 
under low energy CID conditions for positively charged ions with mobile protons.5,6  This 
is explained by Lioe et al. from the aspect that higher activation energy is required for  
disulfide bond cleavage (40-70 kcal/mol) in protonated cystine and derivatives as 
compared to that required for amide bond cleavages.7 As a result, CID of the even-
electron species only produces sequence ions that fall outside of the disulfide covered 
region along the peptide sequence. To overcome this limitation, multiple techniques have 
been developed with the aim of simplifying disulfide linked structures prior to MS 
analysis.  Enzymatic digestion8 is by far the most popular approach for analyzing 
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complex systems containing multiple disulfide bonds (especially intrachain disulfides).  
For highly knotted structures, multi-enzyme approaches as well as partial reduction may 
be necessary to produce simple peptides prior to MS/MS analysis.  This makes this 
approach expensive and time consuming.  Furthermore, many enzymes work best in 
alkaline buffers which can initiate disulfide scrambling (the exchange of disulfide 
partners which can occur at any pH over 8.3, the pKa of the cysteine side chain) making 
any disulfide linkage information obtained inaccurate. 
Disulfide bond partial reduction using reagents such as dithiothreitol (DTT) and  
tris(2-carboxyethyl)phosphine (TCEP) followed by alkylation (i.e. iodoacetamide) have 
been effective at  mapping disulfide bonds in complex systems.9  However, precisely 
controlling conditions to achieve partial reduction rather than complete reduction can be 
tedious.  Recently, electrolytic reduction using an online electrochemical flow cell 
reported increased sequence coverage in protein digests and small peptides.10  Acid 
hydrolysis11 using strong acids such as hydrochloric acid and trifluoroacetic acid as well 
as chemical cleavage12 using compounds such as cyanogen bromide (CNBr) have been 
effective. The low specificity of chemical cleavage and hydrolysis, as well as tedious 
experimental control of partial reduction/alkylation makes the previously listed 
techniques undesirable. 
In the gas-phase, there are several techniques that directly cleave the disulfide 
bonds vs backbone fragments.  Those techniques include CID of deprotonated ions13, 
peptide-metal complex (route 66 method)14, and ultraviolet photodissociation (UVPD 
,157nm and 266nm).15,16 In electron based dissociation, EXD, where X represents 
capture17, transfer18,19, or detachment20, backbone cleavage as well as disulfide bond 
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cleavage can be observed.  Radicals are known to be highly reactive towards disulfide 
bonds and as a result, a number of radical approaches have been used to cleave disulfide 
bonds.  These include the work done by the Kenttamaa group utilizing distonic ions to 
cleave organic disulfide bonds21, TEMPO for disulfide cleavage and sequencing22, 
sulfinyl radical23, and hydroxyl methyl radical.24 While many of the previously described 
techniques can cleave disulfide bonds and lead to enhanced sequence information, several 
of these methods initiate disulfide bond scrambling and cannot be used to accurately 
determine the connectivity of disulfide bonds in systems containing two or more disulfide 
bonds. To overcome this pitfall, the methoxy radical was chosen as an alternative to 
existing radical techniques. The methoxy (CH3O•) radical is the smallest of the alkoxy 
(R-O•) radicals and has long been considered a critical intermediate in both combustion 
and atmospheric chemistry. 25-27   CH3O• is formed in the troposphere primarily though 
the oxidation of methane via the following mechanism:28 
CH4 + OH  CH3 + H2O    (1) 
CH3 + O2 + M  CH3O2 + M   (2) 
CH3O2 + NO  CH3O + NO2    (3) 
 
The methoxy radical is highly reactive and upon formation will undergo one of the 
following processes: 
   CH3O  CH2OH         Isomerization (4) 
   CH3O  CH2O + H               Unimolecular dissociation (5) 
   CH3O + O2  CH2O + HO2        Bimolecular reaction (6) 
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The primary reaction mechanism for CH3O• under atmospheric conditions would be its 
bimolecular reaction with molecular oxygen producing formaldehyde and hydroperoxyl 
radical (Equation 6). 29  The energetic barriers for unimolecular dissociation and 
isomerization (24-35 and 26-36 kcal/mol, respectively) 30-36 are too high to overcome 
without input of energy.   
Due to the transient nature of the CH3O•, it is only recently that spectroscopic 
studies have been conducted. Published experimental investigations into this radical have 
utilized electronic spin resonance (ESR) 37, laser magnetic resonance (LMR) 38, 
electronic spectroscopy (UV absorption 39 and emission 40), laser induced fluorescence 41, 
and photodetachment 42 of the methoxy anion.  Many groups have also focused on the 
theoretical reactivity between methoxy radical and various functional groups. 43-48 To the 
best of our knowledge, no one has reported the reaction and product formation between 
the methoxy radical and a disulfide bond. 
Upon reaction and cleavage of a disulfide bond, the methoxy radical forms a 
sulfenic methyl ester (R-S-O-R’).  This functional group is isomeric to the sulfoxide 
group, however it has linear connectivity and was predicted to be more stable than their 
sulfoxide counterparts.49  Without the presence of a strong electron-withdrawing group 
on the sulfur atom, the sulfenic ester is vulnerable to hydrolysis and/or radical attack. 50  
In this study, the methoxy radical was allowed to react with peptide systems 
containing one or more disulfide bonds.  Interestingly enough, disulfide bond cleavage 
and MSn applied to the reaction products was used to accurately identify the disulfide 




Table 6.1 List of disulfide linked peptides studied.a 
 
a The peptides are indicated with single letter sequences. The connection line between 
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See chapter 2 for detailed experimental conditions. 
 
6.3 Results and Discussions 
 
6.3.1 Formation and Reaction of Methoxy Radical 
To confirm the formation of the methoxy radical, an established methoxy radical 
trap, N-t-Butyl-phenylnitrone (NTBP)51 with a concentration of 100mM was utilized to 
trap the methoxy radical. Figure 6.1 shows the MS1 spectra before and after UV 
photolysis. Prior to UV photolysis (Figure 6.1a), the spectrum contains two major peaks, 
the singly charged ion (m/z 178.1) and a proton bound dimer (m/z 355.3).  If the 
deuterated methoxy radical was formed, one should expect to see a mass increase of 
34Da (CD3O) added to the NTBP.  In Figure 6.1b, the MS1 spectrum after UV photolysis, 
there is an abundant peak at m/z 212.1 corresponding to a 34Da increase from the singly 
charged radical trap (m/z 178.1).   By using labeled methanol as well as the radical trap, 




Figure 6.1 MS1 of methoxy radical reaction with N-t-Butyl-α-phenylnitrone before (a) 
and after (b) UV photolysis. 
 
 
Upon confirmation of its formation, the methoxy radical was allowed to react with 
disulfide linked peptides and the reaction products were analyzed via CID.  Figure 6.2 
summarizes the methoxy radical reaction with the P1 peptide (digested somatostatin with 
two peptidechains containing an interchain disulfide bond) upon UV photolysis. The first 
spectrum is dominated by a doubly charged intact peptide ion at m/z 467.4 (Figure 6.2a).  
In that spectrum there are also several ions that correspond to disulfide cleavage due to 
methoxy radical. There are ions corresponding to the reduced (-SH) A and B chains (m/z 
378.2 and 558.2, respectively) as well as ions corresponding to the addition of the 
methoxy (CH3O) radical on the A and B chains (m/z 408.2 and 588.2, respectively). Upon 
CID of the A chain containing the methoxy radical addition (m/z 408.2, activation energy 
15mV and 200 ms activation time), there is an abundant neutral loss of 32Da (CH3OH) in 









































addition to numerous water loss peaks (Figure 6.2b,).  When using CD3O (Figure 6.2c), 
the methoxy radical reaction product was shifted by 3Da on the A and B chains (m/z 
416.2 and 596.2, respectively).  The mass shift observed indicated that the three 
deuterium atoms were included and reaffirmed the formation of the methoxy radical.  
CID of the deuterated reaction product (m/z 416.2, activation energy 25mV and 200 ms 
activation time) produced an abundant neutral loss of 35Da (CD3OH) as well as multiple 
water loss peaks (Figure 6.2d).  The data in Figure 6.2 showed that the methoxy radical 
was formed (evident by the 3Da mass shift) as well as successfully cleaved the disulfide 
bond leading to the formation of thiol on one cysteine and sulfenic methyl ester (S-O-
CH3) at the other cysteine residue. 
 To ensure that the cleavage of the disulfide bond by methoxy radical  led to the 
formation of sulfenic methyl ester, CID of two species, isomeric in mass to the sulfenic 
methyl ester side chain were analyzed and compared (Figure 6.3).  As seen in Figure 
6.2b/d, CID of the sulfenic methyl ester led to a distinct neutral loss of 32Da.  Figure 6.3a 
(m/z 155.0, activation energy 38mV and 200 ms activation time) shows the CID of the 
methoxy radical reaction product (formed in a deuterated cysteine system (P2 peptide).   
Immediately, it can be seen that the most abundant loss corresponded to the neutral loss 
of 32 Da (CH3OH) as well as some smaller peaks belonging to the loss of water and 




Figure 6.2 P1 peptide methoxy reaction and CID. MS1 of reaction in CH3OH (a).  CID of 
A chain methoxy reaction product in CH3OH (activation energy 15mV and 200 ms 
activation time) (b). MS1 of reaction in CD3OH (c).  CID of A chain methoxy reaction 
product in CD3OH (activation energy 25mV and 200 ms activation time) (d). 
 
 
It is worth noting that since the system being used is deuterated at the alpha and beta 
carbons, the hydrogen contributing to the neutral loss of 32Da (31Da for methoxy radical 
and 1Da for hydrogen) has to be the mobile proton.  To eliminate the possibility that the 
methoxy reaction leads to the formation of cysteine s-hydroxylmethyl (S-CH2-OH), CID 
of such a side chain formed using the P2 peptide was formed and investigated via CID 
(m/z 155.0, activation energy 38mV and 200 ms activation time, Figure 6.3b).  This side 
chain produces a unique loss of 30Da (CH2O) leaving a thiol (-SH) behind.52  There was 
also a small water loss peak. Lastly, the formation of the isomeric sulfoxide was 






























































































166.0, activation energy 35mV and 200 ms activation time) of the sulfoxide side chain 
produced multiple water loss peaks as well as a 64Da (CH3SOH) loss which is 
established as a signature loss from the side chain of the sulfoxide.53 
 
 
Figure 6.3 MS2 CID of sulfenic methyl ester (activation energy 38mV and 200 ms 
activation time) (a), cysteine s-hydroxylmethyl (activation energy 38mV and 200 ms 
activation time) (b), and oxidized methionine (sulfoxide) (activation energy 35mV and 




The data in Figure 6.3 showed that the methoxy radical reaction with a disulfide bond led 
to cleavage and formation of sulfenic methyl ester at one of the cysteine residues evident 
by the signature loss of neutral methanol (32Da).  Since there was no mass shift to 
include deuterium in the neutral loss, the data also indicated that the hydrogen involved 
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in the loss was due to the mobile proton and not the alpha or beta carbon hydrogens in 
close proximity. 
 
6.3.2 Methoxy Radical Reaction with Bovine Insulin 
 To determine if the methoxy radical could lead to enhanced sequence coverage in 
complex disulfide linked systems, the P3 peptide (bovine insulin, a small protein 
consisting of 1 intramolecular disulfide and 2 intermolecular bonds; molecular weight 
5,733Da) was chosen for further studies (Figure 6.4).  CID (m/z 966.7, activation energy 
90mV and 200 ms activation time) of the intact insulin species (sequence ions indicated 
in black in Figure 6.4c) can only produce 28% (14 fragment sites /49 possible fragment 
sites) of the possible sequence ions.  As explained in the introduction, this is due to the 
fact, that CID does not input enough energy to cleave the S-S bond and reveal sequence 







Figure 6.4 MS2 CID of 6+ methoxy reaction product with P3-bovine insulin (activation 
energy 90 mV and 200 ms activation time) (a). Zoomed in region from 700-1100Da (b). 
Bovine insulin sequence and fragmentation location (c). Black sequence ions belong to 
intact insulin while red sequence ions are formed after radical reaction. (#- sequence ion 
contains the methoxy modification) 
 
 
Methoxy radical reaction cleaves the disulfide bond (non-specific therefore any disulfide 
bond can be cleaved) opening the previously covered cyclic region.  Figure 6.4a shows 
the full CID spectra of the 6+ methoxy reaction product.  The peaks labelled in black 
(By3-6, By11,192+,BAy195+,BAb205+, and BAb244+) fall outside on the disulfide region and 
belong to the intact insulin structure while the peaks labeled in red (SHBy12-152+, SHBb14-
16
2+,#BAy4-84+, and ABb16-173+) could only be formed following methoxy reaction to open 




































































regions previously unavailable by CID. Figure 6.4b shows a zoomed in region from m/z 
700-1100 and Figure 6.4c show the structure of bovine insulin as well as the sequence ion 
location.  CID following methoxy reaction produced 49% (24 fragment sites /49 possible 
fragment sites) of the possible sequence ions almost doubling the sequence coverage seen 
in the CID of the intact peptide (28%).  The data in Figure 6.4 showed that the methoxy 
radical can be applied to larger and more complicated systems and enhance the number of 
sequence ions observed. 
 
6.3.3 Analysis of Disulfide Regio-Isomers 
 
Figure 6.5 MS2 CID of the doubly charged intact P4-guanylin isomers (CE 30V). P4-I, 
side by side (a). P4-II, loop within a loop (b). P4-III, overlapped (c). 
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To fully characterize a biomolecule containing one or more disulfide bonds, one must 
first know the sequence followed by the disulfide connecting pattern.  Knowing the 
methoxy radical reaction can provide enhanced sequence information (Figure 6.5), the 
next logical challenge was to distinguishing the disulfide bond connecting pattern in 
regio-isomers. Guanylin (P4 peptides regio-isomers) a biologically active human 
hormone peptide responsible for regulating water and electrolyte transport in renal and 
intestinal epithelia54 was chosen as a model system for further studies.  Although the 
guanylin peptide contains four cysteine residues (two disulfide bonds) and therefore three 
different connecting isomers, only one of those connecting isomers is biologically active.  
Following MS2 CID (m/z 758.3, CE30), the regio-isomer containing two side by side 
disulfide bonds (P4-I) can easily be distinguished by the appearance of b (b8-11) and y (y4-
7) ions in the middle of the spectrum (Figure 6.5a).  The other two regio-isomers (m/z 
758.3, CE30) with disulfide bonds looped within a loop (P4-II, Figure 6.5b) and 
overlapped (P4-III, Figure 6.5c) produce the same sequence ions (b3 and y12-13) and those 
ions fall outside of the cyclic region making it impossible to differentiate their disulfide 
connecting patterns.   There were also numerous internal fragment ions (loss of A, I, Y, 
AY, AYA, AYAA) observed once again proving that these two structures were mostly 
cyclic.  In peptide systems containing two or more intramolecular disulfide bonds, MS2 
CID cannot provide unique sequence ions that can be used to distinguish the disulfide 
bond connecting patterns between regio-isomers.   Interestingly enough,  in a previous 






Figure 6.6  MS2 CID of the doubly charged methoxy radical reaction product with 





The general approach for identifying the connecting pattern in systems containing two or 
more intrachain disulfide bonds using the methoxy radical (or any radical) is a three step 
process.  In the first step the methoxy radical should cleave one of the disulfide bonds, 
while leaving the other disulfide bond (s) intact.  The next step is to do MS2 CID of the 
reaction product to produces b/y ions containing at least one intact disulfide bond.  
Lastly, if necessary, MS3 CID of one of those b or y ions containing one intact disulfide 
m/z
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bond should be conducted to produce unique sequence ions that fall outside of the 
disulfide loop that allows for the differentiation between the regio-isomers. 
Many of the techniques involving radicals for identifying disulfide bond 
connectivity succeed in giving an abundance of sequence information, but fail to give 
disulfide connectivity due to disulfide scrambling or consecutive disulfide cleavage.  The 
methoxy radical may be a unique exception.  Upon reaction and cleavage of a disulfide 
bond, the methoxy radical adds to a cysteine residue forming a sulfenic methyl ester, an 
even electron species. Figure 6.6 shows the MS2 CID of such a reaction using the 
guanylin regio-isomers as a model system. Once again, CID (m/z 774.3, CE 20) of the 
regio-isomer containing side by side disulfide bonds (P4-I), there are numerous unique b 
(b8-11) and y (y4-7) ions that fall in the middle of the sequence making that structure 
distinctive (Figure 6.6a). There are also ions (#y4-6, 9-10, SHb5-6, SHy9-10, and #b10-11) 
indicating that the disulfide bond had been cleaved (-SH) and modified (–SOCH3) by the 
methoxy radical.  The sequence ions observed in between the two disulfide bonds are 
sufficient to distinguish the disulfide bond connecting patterns so no further analysis is 
necessary. In the other two regio-isomers (m/z 774.3, CE 20), loop within a loop (P4-II, 
Figure 6.6b) and overlapped (P4-III, Figure 6.6c), there is clear evidence that at least one 
disulfide bond had been cleaved (SHy9-11) and modified (#b5-6) by the methoxy radical.  
These ions were absent in the CID of the intact regio-isomers. Unfortunately, these 
sequence ions formed in the same location for both of the latter regio-isomers making it 
impossible to distinguish their disulfide bond connecting patterns simply based on the 
MS2 CID of the methoxy reaction products. Although the disulfide bond connecting 
patterns could not be differentiated in the MS2 CID spectra, there is further evidence for 
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the formation of the sulfenic methyl ester found in the neutral loss of 32Da from all three 
regio-isomers, as well as the loss of 32Da from sequence ions containing the methoxy 
modification such as #b5-6.  It is very important to understand that the observation of 
identical sequence ions in the latter two regio-isomers (Figure 6.6b and Figure 6.6c, 
respectively) is absolutely not disulfide bond scrambling.  Disulfide bond scrambling 
would have led to the observation of sequence ions such as those observed in the side by 
side isomer  (b8-11 and y4-7)  indicating that the disulfides had rearranged to a more 









Figure 6.7 MS3 CID of SHy9 (m/z 860.3) ion from Gunyalin isomers (activation energy 
55mV and 200 ms activation time). P4-II, loop within a loop (a). P4-III, overlapped (b). 
 
 
 Even though the same sequence ions were observed for both the loop within a 
loop and overlapped regio-isomers, the structure of those sequence ions should be 
different.  Figure 6.7 shows the MS3 CID of the SHy9 (m/z 860.3, activation energy 55mV 
and 200 ms activation time) ions originating from the latter two regio-isomers.  The 
predicted structure for the SHy9 ion originating from the loop within a loop structure (P4-
II) contains a disulfide bond between cysteine 7 and cysteine 12 (Figure 6.7a).  The 
appearance of b6-8 as well as the internal fragment ions (b6-A, b6-AA, and b8-Y) all 
confirm that there is a disulfide bond between cysteine 7 and cysteine 12 meaning that 





















































































the other disulfide bond had to be connected between cysteine 4 and cysteine 15. The 
predicted structure for the SHy9 ion originating from the overlapped structure (P4-III) 
contains a disulfide bond between cysteine 7 and cysteine 15 (Figure 6.7b).   The entire 
structure is covered by a disulfide bond evidenced by the absence of any conventional b 
or y ions.  Instead the spectrum is dominated by internal fragment ions (-Y and –AY) as 
well as some b and y ions formed after C-S bond cleavage leading to the formation of 
dehydroalanine at one cysteine (CH2b4) and disulfohydryl at the other cysteine (SSHy5-8).  
Using this information, one could work backwards to decipher that cysteine 7 and 
cysteine 15 are connected as well as cysteine 4 and cysteine 12.  MS3 CID of sequence 
ions containing one intact disulfide bond produced unique sequence ions that allowed for 
the quick and accurate assignment of disulfide bond connecting patterns in regio-isomers.   
 A synthetic system (P6 peptides) containing four cysteines, two disulfide bonds, and 
three regio-isomers was also studied using the methoxy radical reactions followed by 
CID.   The MS1 before and after UV photolysis can be found in Figure 6.8. Before UV 
photolysis (Figure 6.8a), the spectrum is dominated by the triply charged parent ion (m/z 
512.8) and a small doubly charged parent ion (m/z 768.3). After UV photolysis (Figure 
6.8b), there are immediately new and abundant peaks absent in the first spectrum.  In 
addition to the intact parent ions, there is a triply charged peak (m/z 523.4) corresponding 
to the addition of 32Da (methoxy radical on cysteine and thiol on the other) as well as a 







Figure 6.8 MS1 before (a) and after (b) UV photolysis using P6-II as an example. 
 
 
Figure 6.9 shows the CID of the triply charged ion (m/z 523.4) corresponding to the 
addition of the methoxy radical. In the regio-isomer containing side by side disulfide 
bonds (P6-I), there are unique b (b7) and y (y6-7) ions that fall in the middle of the 
sequence making that structure distinctive (Figure 6.9a). There are also ions (#y6-7 and, 
SHy3-5, 10, 12) indicating that the disulfide bond had been cleaved (-SH) and modified (–
SOCH3) by the methoxy radical.  The sequence ions observed in between the two 
disulfide bonds are sufficient to distinguish the disulfide bond connecting patterns so no 
further analysis is necessary. In the other two regio-isomers, loop within a loop (P4-II, 
Figure 6.9b) and overlapped (P4-III, Figure 6.9c), there is clear evidence that at least one 
disulfide bond had been cleaved (SHy3-5, 10, 12-13) by the methoxy radical.  These ions were 
absent in the CID of the intact regio-isomers. Unfortunately, these sequence ions formed 
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in the same location for both of the latter regio-isomers making it impossible to 
distinguish their disulfide bond connecting patterns simply based on the MS2 CID of the 
methoxy reaction products. 
 
 
Figure 6.9  MS2 CID of the doubly charged methoxy radical reaction product with P6 




Figure 6.10 shows the MS3 CID for the SHy12
2+ (m/z 660.8) ion from both the P6-II and 
P6-III isomers.  In Figure 6.10a, the appearance of b8-10 and y3-5 as well as the internal 
fragment ion (-K,) all confirm that there is a disulfide bond between cysteine 5 and 
cysteine 9 meaning that the other disulfide bond had to be connected between cysteine 1 
and cysteine 13.  In Figure 6.10b, the lack of sequence ions observed as well as the 
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appearance of internal fragment ions such as (-GKL,-LE, and –E) indicate that the entire 
sequence is covered by a disulfide bond ( disulfide between cysteine 5 and cysteine 13) 




Figure 6.10 MS3 CID of SHy122+ ion from P6 isomers (Activation energy 60mV and 200 
ms activation time). P6-II, loop within a loop (a). P6-III, Overlapped (b). 
 
 
6.3.4 Comparison of Various Alcohols for Radical Formation 
Figure 6.11 shows the MS1 and CID of the reaction products of the P5 peptide 
using three different alcohols as the source of the radical. Using methanol (Figure 6.11a), 
the reaction product corresponds to a 31Da (methoxy radical) mass increase. CID of the 
















































































reaction product (Figure 6.11b) produces an abundant neutral loss of 32Da (methanol). 
Using ethanol (Figure 6.11c), the reaction product corresponds to a 45Da (ethoxy radical) 
mass increase. CID of the reaction product (Figure 6.11d) produces an abundant neutral 
loss of 46Da (ethanol). Using isopropanol (Figure 6.11e), the reaction product 
corresponds to a 59Da (isopropoxy radical) mass increase. CID of the reaction product 
(Figure 6.11f) produces an abundant neutral loss of 60Da (isopropanol). 
 
 
Figure 6.11 UV photolysis experiments using three different alcohols. Methanol MS1 
after UV photolysis (a). MS2 CID of the reaction product (Activation energy 30mV and 
200 ms activation time) (b). Ethanol MS1 after UV photolysis (c). MS2 CID of the 
reaction product (Activation energy 50mV and 200 ms activation time) (d). Isopropanol  
MS1 after UV photolysis (e). MS2 CID of the reaction product (Activation energy 40mV 
and 200 ms activation time) (f). 
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UV photolysis (254nm) of a solution containing methanol, water, and acetic acid 
led to the formation of the methoxy radical. The methoxy radical cleaved a disulfide bond 
resulting in the formation of thiol at one cysteine and sulfenic methyl ester at the other 
cysteine residue.  CID of the reaction product produced a distinct neutral loss of 32Da 
(CH3OH). When applied to the analysis of regio-isomers, no disulfide bond scrambling 
was initiated by the methoxy radical, instead MS3 CID of sequence ions containing one 
reduced cysteine and one intact disulfide bond produced distinctive sequence ions that 
allowed for the assignment of the disulfide bond connecting patterns with high accuracy 
and reproducibility.  When applied to a complex system (bovine insulin) containing three 
disulfide bonds, CID of the methoxy reaction product almost double the coverage of 
sequence ions obtained (28% for CID of the intact insulin and 49% of the methoxy 
reaction product) proving that this unique reaction is a valuable analytical tool. This 
reaction phenomenon extends beyond methanol and has shown potential to be used in the 
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a  b  s  t  r  a  c t
Mass  spectrometric characterization  of  the disulfide connecting patterns  directly from intact  peptides
and proteins is  highly desirable but  remains a challenging  task. In this work,  the regio-isomers of  pep-
tides  containing  two  intrachain disulfide bonds  were  synthesized  from  P1 and P2  peptides  (single letter
sequence:  C(1)ARIC(5)AKLC(9)LEVC(13)K and C(1)AEKC(5)IEKC(9)LVRC(13), respectively). They were
further used  as  model systems to understand  the fragmentation chemistry of  each  isomer under low
energy  collision-induced  dissociation (CID)  conditions. MS2 CID could easily  identify  the  regio-isomer
having  a side-by-side disulfide  linkage pattern  (C1–C5 and C9–C13).  However,  the other two isomers
with  either  loop-within-a-loop  (C1–C13 and C5–C9) or  overlapped disulfide  configuration  (C1–C9  and
C5–C13)  showed almost  identical  spectra  and very  limited  sequence information  could  be  obtained.
Internal  fragments which  resulted  from cleavages  of two  amide bonds  from a sequence  covered only  by
one  disulfide loop  were  chosen  for  further  dissociation.  The  MS3 CID data showed  that  certain internal
fragment ions produced distinct fragmentation  patterns  which were  useful in assigning  the correct con-
necting pattern of the disulfide  bonds for  all three isomers.  On  the other  hand,  some  internal  fragment
ions could  undergo  consecutive disulfide  bond  opening during collisional  activation, which led to  the
observation  of  isomeric peaks  from different  disulfide regio-isomers. The latter  situation made it difficult
to  independently assign the  regio-isomers.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction
Disulfide bond formation is  one of  the most common post
translational modifications and plays a  key role in stabilizing the
three-dimensional structure of proteins [1]. Many proteins and
naturally occurring peptides contain multiple disulfide bonds; but
only one disulfide bond connecting pattern is  biologically active
[2]. Therefore, pinpointing disulfide linkage pattern in  addition to
obtaining sequence information is critical in studying the biologi-
cal functions of these proteins and peptides [3]. Mass spectrometric
(MS) techniques have become the popular choice for the analysis of
disulfide linked peptides and proteins due  to their high sensitivity
and speed [4]. Sequencing of proteins containing disulfide bonds
typically involves reductive cleavage of  the disulfide bonds, alkyl-
ation of the thiol groups to prevent disulfide bond re-formation,
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and  enzymatic digestion followed by MS  analysis [5]. Electrolytic
reduction of disulfide bonds followed by  MS  analysis has been
recently reported to obtain structural information for both pro-
tein digests and whole proteins [6,7]. Determining the disulfide
bond connecting pattern is more complex, especially for proteins
with highly knotted disulfide linkages. Multi-enzyme digestion
and partial reduction are needed to produce peptides with simple
disulfide linkages (typically forming peptides with interchain disul-
fide bonds) before tandem mass spectrometric analysis (MS/MS)
[8]. However, caution should be given to  possible disulfide bond
scrambling, which can occur at neutral or alkaline pH [9].  This fact
imposes restraints on the buffer pH ranges that can be  used during
digestion. Chemical cleavage using reagents such as cyanogen bro-
mide (CNBr) is an alternative for peptides or proteins resistant to
enzymatic digestion [10].
In  gas phase, cleavage of disulfide bonds is not generally
observed under low energy CID conditions for positively charged
ions with mobile protons [4,11]. This is explained by  Lioe et al.
from the aspect that higher activation energy is  required for the
disulfide bond cleavage (40–70 kcal/mol) in  protonated cystine and
derivatives as  compared to  that required for amide bond cleavages
[12]. Low energy CID of deprotonated peptides [13–20], peptide
1387-3806/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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Table  1
Peptides containing two intrachain disulfide bonds.
Peptide Structure
P1-I CARICAK LCLE VCK
P1-II CARICAK LCLE VCK
P1-III CARICAK LCLE VCK
P2-I CAEKCIEKCLVRC
P2-II CAEKCIEKCLVRC
ions with limited mobile protons [21], metal cationized peptide
ions [22–30], and MALDI-PSD [31] show preferential cleavage of
the disulfide bonds over peptide backbone. In electron based dis-
sociation (EXD), where X represents transfer [32], capture [33], and
detachment [34], both peptide backbone and disulfide bond cleav-
ages can be observed, providing substantial sequence and linkage
information. Ultraviolet photon dissociation (UVPD) at 157 nm
and 266 nm have been applied to disulfide linked peptide ions
and cleavages of disulfide bonds with high specificity via elec-
tronic excitation was observed [19,35]. Recently, our group showed
that using atmospheric pressure ion/radical reactions, the disul-
fide bonds could be effectively cleaved and simultaneously mass
tagged. Subsequent CID of the thus formed radical ions provided
rich sequence information [36,37].
Peptides containing multiple intrachain disulfide bonds are
often encountered in  biological systems functioning as hormones
[38], defensins [39], and toxins [40]. These peptides present a chal-
lenge for structural characterization by MS/MS  alone due to the
complexity of their gas-phase fragmentation chemistry. Typically,
sequence ions are only produced in the exocyclic region, while
sequential amide bond cleavages giving rise to internal losses are
observed under the disulfide loop(s). Analysis based on further
fragmentation of ions formed from internal loss  of one  or more
amino acid (AA) residues has been used to identify the connec-
tivity of disulfide bonds in peptides containing multiple disulfide
bonds. Guanylin, a  biologically active peptide, containing two disul-
fide bonds was studied using MS2 beam-type CID on  a triple-stage
quadrupole tandem mass spectrometer. Based on the formation of
several distinct internal fragment ions from sequential dissociation,
the connectivity of disulfide bridges of two isomers were identi-
fied [41]. Recently, an MS3 CID approach based on the formation
and fragmentation of internal fragment ions was  used to deter-
mine disulfide bond connectivity within several conotoxin peptides
containing two or three disulfide bonds [42].
In this report, we utilized a multiple stage tandem mass
spectrometry (MSn)  approach to investigate the gas-phase frag-
mentation chemistry of disulfide regio-isomers of peptides
containing two disulfide bonds under low energy CID condi-
tions. Disulfide regio-isomers present a  good model system for
understanding the effect of disulfide connecting patterns on  the
gas-phase fragmentation chemistry. This type of  knowledge would
be extremely useful to  develop strategies for deciphering disulfide
bond connectivity. Two  model systems of peptides containing 4
cysteine residues were studied. The P1 system contained all three
possible regio-isomers while only two could be synthesized for the
P2 system (Table 1).
2.  Materials and methods
2.1.  Materials
Fully reduced P1 peptide (single letter sequence: CARICAKL-
CLEVCK) was  purchased from CPC scientific (Sunnyvale, CA, USA).
Oxidized P2 (single letter sequence: CAEKCIEKCLVRC) peptides
were purchased from SynBioSci (San Francisco, CA, USA). Ther-
molysin was purchased from Sigma–Aldrich (St. Louis, MO, USA).
Dichlorobis ethylenediamine platinum ([Pt en2] Cl2) was purchased
from Sigma–Aldrich (St. Louis, MO,  USA).
2.2. Synthesis of peptide disulfide regio-isomers
The oxidizing agent [Pt(en)2(OH)2Cl2]  was  synthesized from [Pt
en2]Cl2 in-house following the procedure described by Heneghan
et al.  [43]. [Pt  en2(OH)2Cl2] was  added to the dissolved peptide
(1 mg/mL) in a molar ratio of  2:1–5:1 Pt(IV) to  the peptide. The
reaction was allowed to proceed at room temperature for  1–3 h
and monitored via MS.  Following complete oxidation, the isomers
were separated via reverse phase-high performance liquid chro-
matography (RP-HPLC).
2.3.  HPLC
P1  peptide isomers were separated using Agilent 1200 series
RP-HPLC system (Agilent Technologies, Santa Clara, CA, USA). Sep-
aration was  carried out on a Zobrax C18 column at a  flow rate of
0.65 mL/min with a linear gradient of 20–35% solvent B in 30 min.
Solvent A was a mixture of 0.1% TFA in water and solvent B con-
tained 0.085% TFA in 80% CH3CN and 20% water. The eluent was
detected at a wavelength of 220 nm.  The collected eluent was vac-
uum dried overnight using a centrivap concentrator (Labconco,
Kansas City, MO,  USA).
2.4.  Enzymatic digestion
Peptic  digests were obtained by reacting the oxidized peptide
with thermolysin in a  10:1 molar ratio (peptide:thermolsyin) in a
100 mM Tris–HCl buffer (pH 6.5) at 65–70 ◦C  for  30 min  [44]. Peptic
digests were separated via RP-HPLC using the same conditions as
described in Section 2.3.
2.5. Mass spectrometry
Peptide  solutions for nanoelectrospray ionization (nanoESI)
[45] were prepared at  a concentration of 10 M  in  50/49/1.0
of water/methanol/acetic acid (v/v/v). All experiments were car-
ried out on a  4000QTRAP tandem mass spectrometer (Applied
Biosystems/SCIEX, Toronto, Canada). The triple quadrupole/linear
ion trap configuration allows for two types of collisional activa-
tion methods, i.e., beam-type CID and ion trap CID. In beam-type
CID, the precursor ions were isolated by Q1 and accelerated to
q2 for collisional activation. The collision energy (CE), defined
by the DC potential difference between Q0 and q2, was opti-
mized and typically within the range of 15–30 V. Ion trap CID
was carried out in Q3  linear ion trap, where a  dipolar excitation
was used for on-resonance collisional activation. The activation
amplitudes were within the range of 40–70 mV and activation
time of 200 ms was used. The characteristic parameters of  the
mass spectrometer during this study were set as follows: spray
voltage, 1200–1800 V; curtain gas,  10 psi and declustering poten-
tial, 20 V. Mass analysis was achieved by using Q3 as a linear
ion trap at a scan rate of 1000 Da/s. Data acquisition, processing,
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Scheme 1. Nomenclature for the possible fragments observed from peptides con-
taining two  intrachain disulfide bonds.
and instrument control were performed using Analyst 1.5  soft-
ware.
2.6. Nomenclature
Intrachain linked peptides are converted to interchain linked
configurations due to  internal losses of  amino acid residues within
single disulfide bond covered backbone regions. When  peptides
containing two chains are formed, the two chains are referred to
as chain A and chain B, respectively, as indicated in Scheme 1.
Under CID conditions, amide bond cleavages within each chain,
C S bond cleavages, and  S S bond cleavages are  possible fragmen-
tation channels. For peaks labeled as  ABbn or BAyn,  the first letter
indicates that the fragment contains either intact A or B chain, while
Bbn or Ayn refers to amide bond cleavage from either B  or A chain.
Peaks labeled as ASSH or BSSH refer to  structures formed via C S
bond cleavage from the interchain disulfide bond and the A or B
chain has retained the disulfohydryl (SSH). Peaks labeled as  A=CH2
and B=CH2 represent the complimentary peaks to the BSSH and ASSH,
containing dehydroalanine [46]. Peaks labeled as SSHAbn suggest
that the A chain bn fragment ions contain disulfohydryl due to C S
bond cleavage from an intrachain disulfide bond. Peaks labeled as
CH2 Abn are the fragments containing dehydroalanine. The super-
script b on the A  chain indicates that the studied ion has a  b ion
structure.
3.  Results and discussion
3.1.  Formation and separation of P1-peptide disulfide
regio-isomers
P1-peptide has four cysteine residues and theoretically three
disulfide regio-isomers containing two  disulfide bonds could be
formed. [Pt en2(OH)2Cl2] was  found to be effective at forming
all three regio-isomers while reducing interchain aggregation as
compared to  other oxidation methods (air oxidation, hydrogen per-
oxide, redox buffer, etc.). Fig. 1a shows the RP-HPLC separation of
P1-peptide after oxidation by [Pt en2(OH)2Cl2].  There were three
distinct peaks at 23.6, 25.7, and  28.5 min, labeled as  P1-I, P1-II,
and P1-III, respectively. The nanoESI spectrum of the P1-I peak is
shown in  Fig. 1b as an  example. Four charge states (+1 to +4)  of the
peptide can be seen, providing a  calculated monoisotopic mass of
1547.7 Da as  compared to 1551.7 Da from the fully reduced pep-
tide. The zoomed view of the 2+ ion  is shown in  the inset of Fig. 1b.
The isotopic distribution of this peak clearly suggests that there
is no reduced or partially oxidized peptide species (i.e. with one
disulfide bond) present. Similar nanoESI spectra were observed for
peaks P1-II and P1-III (data not shown), suggesting the successful
formation of the three disulfide bond regio-isomers.
Enzymatic digestion followed by  MS/MS  analysis was  used to
determine the disulfide bond connectivity for each isomer. Initial
trials using trypsin digestion failed to provide the linkage informa-
tion likely due to disulfide bond scrambling under the slightly basic
buffer conditions. Thermolysin, an enzyme which shows optimal
digestion efficiency in acidic buffers (pH 6.4) was employed to  avoid
disulfide scrambling in solution. After complete digestion of each
regio-isomer by thermolysin, the digest was  directly subjected to
nanoESI. Table S1 in supporting information summarized the main
peaks observed from digestion. The observation of  distinct digest
peaks from three isomers allowed for an initial speculation on  the
disulfide connecting patterns. For example, the peak at m/z 762.3
from P1-I  corresponded to CARICAK (C1–C5 S–S), which could only
be possible for a C1–C5 and C9–C13 disulfide bond configuration.
The observation of m/z 937.6 from PI-II, CAR and  LEVCK (connected
by an interchain S–S),  indicated a C1–C13 and  C5–C9 disulfide con-
necting pattern for this peptide; while the peak at m/z 581.3, IC and
VCK (connected by  an  interchain S–S) from P1-III suggested P1-III
having the configuration of C1–C9 and C5–C13. These three digest
peaks were further subjected to MS2 CID and the initial assignment
of the disulfide connecting pattern for  each isomer was confirmed
(Fig. S1, supporting information).
3.2.  MS2 CID of P1 disulfide regio-isomers
Fig. 2 compares beam-type CID of [M+3H]3+ ions  generated from
the three disulfide regio-isomers, P1-I, P1-II, and P1-III. MS2 CID of
P1-I (Fig. 2a) gives rise to a  series of  b  and y ions from the back-
bone area outside the two cyclic regions (due to the disulfide bond
35

















































Fig. 1. (a) The RP-HPLC chromatogram of three P1 isomers eluting at 23.6 min  (P1-I), 25.7 min  (P1-II), and 28.5 min  (P1-III), respectively. (b) Positive mode nanoESI spectrum
of  P1-I peptide after RP-HPLC separation.
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Fig. 2.  MS2 beam-type CID (CE = 30 V) of [M+3H]3+ for  (a) P1-I, (b) P1-II, and (c) P1-III.
formation). The presence of b5–8 and  y6–9 fragments unambigu-
ously suggests the location of the two disulfide bonds (C1–C5 and
C9–C13), consistent with the results obtained from digestion. It is
worth noting that the fragmentation pattern of  P1-I  is  very different
from that of P1-II and P1-III as  shown in Fig. 2b and c, respectively,
while the CID spectra of the latter two are almost identical. Other
than the b13 and y1 ions which are  derived from cleavage outside
the cyclic region of the peptide, spectra are dominated by  a  series of
internal loss ions (due to multiple backbone amide bond cleavages),
including the losses of  I  or L, LE, and LEV.
Since MS2 CID could not differentiate P1-II and P1-III regio-
isomers, MS3 on the major fragments observed from MS2 CID was
conducted. The internal fragment ions resulted from amide bond
cleavages within the cyclic region covered by a single intrachain
disulfide bond are  of special interest. This is because the internal
cleavages open up the cyclic structure by converting the intrachain
disulfide bond to an interchain configuration, making peptide back-
bone fragments easier to be  detected in  the subsequent CID step.
The scenario is  analogous to the strategy of enzymatic digestion to
create interchain linked disulfide peptides, although it is performed
in the gas phase. Both beam-type and ion trap CID of the intact pep-
tide ions produced internal fragment ions. However, beam-type CID
gave higher intensities of those ions and therefore was  chosen in
the MS2 stage. Given that the most intense fragment peak at m/z
718.5(2+) could be  either due  to internal loss of I  or L or a mix-
ture of both, this ion was not used for further CID to avoid possible
complication in structural analysis.
The LE loss was a relatively abundant internal loss from all three
isomers and two charge states (m/z 653.9, 2+ and  m/z 436.3, 3+)
could  be obtained from CID of 3+  and 4+ of the intact peptide
ions. Fig. 3 summarizes MS3 ion trap CID of the doubly charged
LE loss  ions (m/z 653.9) derived from each isomer. The CID data
from isomer P1-I (Fig. 3a) shows a series of b  and y ions (BAb5–7,
and Ay1–4)  located outside the cyclic region (C1–C5). There are  also
internal fragment ions such as  BAb2-A and BAb2-I, which indicate
that the C1–C5 intrachain disulfide bond remains intact. Fragments
that resulted from interchain disulfide bond opening via C S and
S S bond cleavages are also observed (ions labeled with BSSH,
B=CH2 ,  ASSH, ASH, A=CH2 ). P1-II isomer (Fig. 3b) shows b and y ions
from outside the cyclic region (Ay5,  BAb3, and BAb4) with a small
degree of internal fragmentation (loss of K). This spectrum has an
abundant peak, ASSH,  resulting from C S bond cleavage of the inter-
chain disulfide bond (C1–C13). CID of m/z 653.9 arising from P1-III
(Fig. 3c), where the entire A  chain is covered by  an  intrachain disul-
fide bond (C1–C9), only shows b and y ions from the B chain (ABb2
and ABy2+
2
). Minimal internal fragment ions (loss of K) are  observed
and the most abundant peaks belong to chain separation via C S
bond cleavage (ASSH,  A=CH2 ,  B =  SSH, B=CH2 ).  None of the backbone
ions  (i.e. Ay5,  BAb3,  and BAb4) from isomer P1-II (Fig. 3b) are present
in Fig. 3c. This difference allows for the distinction and  assignment
of the disulfide bond linkage which agreed with earlier findings
using enzymatic digestions.
Unlike  CID of 2+ LE  loss ions where backbone fragments unique
to each isomers were observed, MS3 CID of three isomers of 3+
LE loss resulted in identical fragment peaks (Fig. 4). These include
a series of peaks in the region of m/z 450–650, i.e. ABb2+
2
, AB-
K, AB-L, and A=CH2 . Although CID conditions were identical for
all isomers, P1-II (Fig. 4b) produced higher relative intensity for
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Fig. 4. MS3 ion trap CID (12 mV and 200 ms activation) of the 3+ LE loss ions (m/z
436.3) generated from MS2 beam-type CID of the 4+ intact parent ions: (a) P1-I, (b)
P1-II, and (c) P1-III.
most peaks observed. Interchain disulfide bond cleavage via the
CS cleavage was the most abundant peak observed in isomer
P1-II. This phenomenon was not observed in Fig. 3 (the doubly
charged loss of LE). Clearly, the disulfide connecting pattern does
have an impact on the fragment ions; however, at this point it is
not clear why isomer P1-II produced higher intensity of the peaks
observed.
Another abundant internal fragment peak chosen for MS3 exper-
iments was m/z 604.4 (Fig. 5), doubly charged LEV loss ions. The
ions generated from P1-I peptide fragmented exactly as expected
(Fig. 5a). There are multiple b and y ions (b5–8, BAy1–2,4) occurring
outside the cyclic region, but no detectable sequence fragment ions
under the cyclic region.
P1-II peptide also shows typical disulfide linked peptide frag-
mentation (Fig. 5b). There are several b (BAb1–4) and y (y5–7) ions
that appeared outside the cyclic region of the peptide as well as
some internal fragments. The fragmentation pattern of m/z 604.4
for P1-III (Fig. 5c) shows difference to the other two isomers. How-
ever, several low intensity y (y6–7) ions which should be unique to
P1-II are also present in isomer PI-III. One possible reason is that
isomeric structures are formed due to intrachain disulfide bond
opening during CID. As shown in Scheme 2, collisional activation of
LEV internal loss of P1-III can cause C S bond cleavage within the
interchain disulfide and lead to the formation of ASSH. This peak
is indeed observed in Fig. 5c as one of the major fragments. The
ASSH contains an intrachain disulfide between C1 and C9, which
can undergo sequential disulfide bond opening via C S bond cleav-
age leaving a disulfohydryl at the N-terminus and dehydroalanine
at the C-terminus. Since the disulfide bond is opened, fragments
due to amide bond cleavages within C1–C5 backbone range can
be observed, including SSHAb3 (m/z 363.2), SSHAb4 (m/z 476.3), Ay6
140
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Fig. 5. MS3 Ion trap CID (70 mV and 200 ms activation) of 2+ LEV loss ions (m/z 604.4) generated from MS2 beam-type CID of 4+ intact parent ions: (a) P1-I, (b) P1-II, and (c)
P1-III.
Scheme 2.  Consecutive disulfide bond opening via C  S bond cleavage yielding isomeric b  and y ions from isomers P-II and P-III.
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Fig. 6. MS3 ion trap CID (60 mV and 200 ms  activation) of ASSH (m/z 496.8) formed
from  (a) P1-II and (b) P1-III.
(m/z 630.3), and Ay7 (m/z 786.4). These fragment ions are isomeric
to those formed from P1-II (Scheme 2).
To gather proof on the proposed fragmentation pathway in
Scheme 2, ASSH ions produced in MS
2 CID from P1-II and P1-III iso-
mers were subjected to further fragmentation. As shown in  Fig. 6,
the two spectra have remarkable similarities. Of special interest are
the y6–8 ions that appear in both spectra. In isomer P1-II these are
typical y ions containing an intact disulfide bond. In P1-III how-
ever, these ions are very likely formed form the process presented
in Scheme 2, in which the opening of the disulfide bond loop via C
 S
bond cleavage allows the observation of the y6–8, SSHb3, and SSHb5–6
ions. Close inspection of MS3 CID spectrum of P1-I isomer (Fig. 5a)
also indicated the presence of  a  small amount of SSHAb3 (m/z 363.2)
ions. This ion might be  formed from consecutive interchain and
intrachain disulfide bond cleavages and amide bond cleavage sim-
ilar to that being proposed in  Scheme 2.
The P2 peptides were also studied via MSn. MS3 on the dou-
bly charged internal loss of  EK showed distinct fragmentation for
the two isomers: side-by-side (P2-I) and loop-within-a loop P2-II,
(Fig. S2, supporting information), while the third isomer with over-
lapped disulfide bond configuration could not be  synthesized. As
expected, P2-I displayed amide bond cleavage outside the disulfide
loop. The appearance of  ABb2–4 and ABy5–7 confirmed the connec-
tivity of this peptide (C1–C5 and C9–C13). P2-II showed amide bond
cleavage along with some internal fragmentation. Bb5,7–8 and By2,4
were seen in respectable abundances and corroborated well the
assigned disulfide connecting pattern (C1–C13 and C5–C9). The
internal loss of EK and Bb8-K were also observed further confirming
the location of the disulfide.
4.  Conclusions
The fragmentation behavior of disulfide bond regio-isomers
containing two intrachain disulfide bonds was investigated under
low energy CID conditions via MSn approach. By choosing the inter-
nal loss under the backbone region covered only by  one disulfide
loop, the intrachain disulfide peptide was converted to the inter-
chain linked configuration. Further subjecting the internal loss ions
to collisional activation allowed observing sequence ions unique
to each isomer, facilitating linkage assignment. This strategy was
successfully demonstrated with two peptide systems. However,
caution  should be given to the possibility of consecutive disulfide
bond openings which led to the observation of isomeric fragment
ions from different isomers. This imposes difficulty in making the
direct assignment of disulfide connecting patterns. Under this con-
dition, multiple internal fragment ions should be selected and
subjected to further stages of MS/MS  in  order to have a high confi-
dence in the disulfide bond linkage assignment.
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Intra-molecular reactions as a new approach to
investigate bio-radical reactivity: a case study of
cysteine sulfinyl radicals†
Kirt L. Durand, Xiaoxiao Ma and Yu Xia*
Herein, we demonstrated the use of gas-phase intra-molecular
reactions facilitated by collisional activation to investigate bi-molec-
ular reactions with inherent low reactivity. Reactions between sulfinyl
radicals (–SOc) toward free thiol (–SH) were employed as a model
system. A new reaction channel, i.e. sulfinyl exchange with thiol, was
observed under beam-type collision-induced dissociation (CID),
which was not detectable from traditional ion/molecule reactions.
Cysteine, a sulfur containing amino acid, is one of the most
reactive sites within a protein upon radical attack.1 Cysteinyl
peptides such as glutathione act as redox buffers2 and antioxi-
dants to prevent or repair damage to cellular components
caused by reactive oxygen species.3 The cysteine sulnyl radical
(SOcCys) is a reactive intermediate involved in the inactivation of
enzymes (i.e. pyruvate formate-lyase) utilizing the glycyl/thiyl
radical in their catalytic functions upon exposure to air.4
Partially owing to the difficulty of detecting and characterizing
transient species such as bio-radicals at low concentrations
under physiological conditions, detailed knowledge is limited
with regard to the reactivity and structures of protein radicals.
Studying the gas-phase chemistry of bio-radicals provides direct
experimental evidence of their intrinsic chemical properties,
which can be helpful in unveiling the fate of bio-radical species
including intra- or inter-molecular radical transfer aer the
initial formation.
Gas-phase ion/molecule reactions have been well established
as a useful means to study bio-organic radical reactivity, struc-
ture, and migration.5–11 In our previous report, gas-phase ion/
molecule reactions were utilized to investigate the reactivity of
peptide sulnyl radical ions with organic disuldes, thiols, and
oxygen in a linear ion trap mass spectrometer.12 The sulnyl
radical appeared to be the least reactive species relative to the
thiyl and perthiyl radicals. No detectable reaction products were
observed from ion/molecule reactions of peptide sulnyl ions
with thiophenol.12 A possible reason for not observing hydrogen
abstraction by –SOc from –SH (reaction (1)) might stem from the
relatively large endothermicity of the reaction. The bond
dissociation energy (BDE) of an S–H bond (i.e., 69.8–81.4 kcal
mol1 in a variety of substituted thiophenols13 and 81.4–88.5
kcal mol1 in cysteine14) is typically much higher than that of
the BDE of the SO–H bond (i.e., 68.6–73.1 kcal mol1 for several
sulfenic acids15). However, reaction (2), which is the sulnyl
exchange with a thiol group, should be thermally neutral. If
energetic collisions16 can overcome the associated reaction
energy barrier, this reaction could be potentially observed.
Peptide–SOc + RS–H / peptide–SOH + RSc (1)
Peptide–SOc + RS–H / peptide–S–H + RSOc (2)
In this study, we utilized intra-molecular reactions as an
alternative way to study species of inherent low reactivity. The
key concept is to place the two functional groups of interest
within the same molecule scaffold. Such an ion is then sub-
jected to additional activation (e.g. collisional activation) to
enhance the interaction between the two functional groups
(analogous to collisions) by overcoming the energy barrier
necessary for conformational changes or reactions. Intra-
molecular proton or hydrogen atom transfers in biomolecule
ion systems have been investigated in a similar fashion.17–19 The
advantage of intra-molecular reactions as compared to bi-
molecular reactions exists in that the chances of the two func-
tional groups interacting are no longer limited by collision rates
or the number density of reagents.20,21 In order to test the
feasibility of this intra-molecular reaction approach, we chose
to investigate the reactions between the cysteine sulnyl radical
and thiol (no reaction products were observed using traditional
ion/molecule reactions).
Selectin binding peptide, a natural peptide with the rst and
last amino acid residues (cysteine) connected by an intrachain
disulde bond (Pep 1, sequence and structure shown in Fig. 1a),
was used as a model system to form peptide ions consisting of
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both sulnyl (–SOc) and thiol (–SH) functional groups. Radical
reactions in a nanoelectrospray ionization (nanoESI) plume
were utilized to form the peptide ion system containing both a
sulnyl radical and a thiol group.22–24 In short, oxidative radicals
(presumably OH radicals) produced by an atmospheric pressure
low temperature helium plasma cleaved the intrachain disul-
de bond of Pep 1 via dissociative addition, leading to the
formation of –SOc at one cysteine and –SH on the other one.
Such a radical reaction product has a distinct mass (+17 Da) as
compared to the intact peptide and therefore can be readily
isolated in a mass spectrometer. It is convenient to generate an
intra-molecular system containing both –SOc and –SH func-
tional groups within a peptide using this method. However,
ions formed in this manner may contain a mixture of peptide
sulnyl radical location isomers due to the possibility of form-
ing SOc/SH at either disulde sulfurs as indicated in Fig. 1a. The
radical reaction product (m/z 532.3) of Pep 1 was isolated and
subjected to collisional activation. The on-resonance ion trap
CID data of the radical reaction product (m/z 532.3) of Pep 1 are
shown in Fig. 1b. Peaks labelled as Hbn or
Hyn indicate that
fragment ions (b or y type) contain a thiol functional group at
that cysteinyl residue, while the complementary fragment ion,
Obn or
Oyn, indicates the presence of the sulnyl radical at the
other cysteinyl residue. The major fragment ions in Fig. 1b,
such as Hb5–8 and
Oy2–7, suggest that the sulnyl radical is
located at the C-terminal cysteine (having a structure of Pep 2-
C). The detection of Ob8
2+ ions (45% relative intensity normal-
ized to Hb8
2+, the base peak) clearly suggests the presence of the
sulnyl radical location isomer (sulnyl radical at the N-
terminus, Pep 2-N). This phenomenon is consistent with results
obtained from a different linear ion trap mass spectrometer.23
The population of the two isomers can be estimated based on
the ratio of the total intensities of all fragment ions from each
isomer. A ratio of 2.5 was calculated for Pep 2-C : Pep 2-N, cor-
responding to about 70% of Pep 2-C in the mixture of peptide
sulnyl radical isomers.
Beam-type CIDdata of the 2+ peptide sulnyl radical ions (m/z
532.3) are shown in Fig. 1c (collision energy (CE), 17 V).
Compared to on-resonance ion trap CID, beam-type CID offers
higher collision energy (in tens of eV vs. meV, lab energy frame)
and energy deposition happens in a shorter time scale (subms
vs. hundreds of ms).25 Sequence ions arising from the sulnyl
radical located at the C-terminal cysteine (peaks labelled in red;
Hb2,4–8 and
Oy2–7) and those arising from the sulnyl radical at the
N-terminal cysteine (peaks labelled in black; Ob2–8 and
Hy2–7) can
bothbedetected in relatively highabundances. A ratioof 0.96was
obtained for Pep 2-C : Pep 2-N, indicating that there is almost an
equal amount of each isomer. The ion trap and beam-type CID
results were highly repeatable from experiments conducted on
different days. Given the fact that the same population of parent
peptide sulnyl radical ionswas sampled, isolated, andsubjected
to ion activation/dissociation on the same instrument, it is
intriguing that different populations of peptide sulnyl radical
isomers arededuced frombeam-type and ion trapCID.Apossible
cause leading to such a difference is that the sulnyl radical
reacts with a thiol within the peptide ion via a pathway proposed
in reaction (2) (exchange of the sulnyl radical) and therefore
changes the population of isomers from their initial formation.
However, without knowing the initial isomer population upon
ion formation, it is difficult to characterize the factors that may
affect reaction (2) based on the data shown in Fig. 1.
In order to form a peptide system containing a site-specic
–SOc and –SH (i.e., Pep 2-C and Pep 2-N in Fig. 1a), multiple
variants of Pep 1 were employed. Fig. 2a shows one of the
approaches via radical reactions of the interchain linked
disulde peptides in a nanoESI plume.26,27 Using Pep 4-C as an
example, a Pep 1 variant with an Acm (acetamidomethyl) pro-
tecting group at the N-terminal cysteine and an interchain
disulde linkage at the C-terminal cysteine, the sulnyl radical
was formed at the C-terminus due to the selective S–S cleavage
from radical reactions. This peptide sulnyl radical ion species
(m/z 567.8, 2+) was mass-selected and further subjected to
collisional activation. Gentle collisional activation allowed
removal of the Acm protecting group and formation of a site-
specic thiol group at the N-terminus (Pep 2-C, m/z 532.3, 2+).
The sulnyl radical location isomer, Pep 2-N (the sulnyl radical
at the N-terminus and thiol at the C-terminus), was formed
using the same approach shown in Fig. 2a; however, the
formation started from Pep 4-N. The data showing the forma-
tion of Pep 2-N and 2-C via MS2 CID are presented in Fig. S1,
ESI.† MS3 ion trap CID data of the peptide sulnyl radical
location isomers (Pep 2-N and Pep 2-C) are shown in Fig. 2b and
c, respectively. No products arising from hydrogen abstraction
by the sulnyl radical or sulnyl radical exchange with a thiol
(reaction (1) or (2), respectively) were observed aer careful
examination of the spectra (details in the ESI†). The above data
suggest that intra-molecular reactions are not induced under
ion trap CID conditions.
Fig. 1 (a) Method of forming peptide ions consisting of both the sul-
finyl radical and thiol based on radical reactions of Pep 1. MS2 CID data
of peptide sulfinyl radical ions (2+, m/z 532.3) via (b) ion trap CID,
activation energy, 60 mV and activation time, 200 ms; and (c) beam-
type CID, CE ¼ 17 V.















































Given the available MS instrument settings, beam-type CID
can only be performed at the MS2 stage and therefore it is
impossible to directly compare ion trap and beam-type CID on
the same population of sulnyl radical ions using the method
described in Fig. 2. To overcome this limitation, Pep 5-C
(A chain: CIELLQARC/B chain: Cys, A9-B1 disulde) and 5-N
(A chain: CIELLQARC/B chain: Cys, A1-B1 disulde) variants of
Pep 1 consisting of a free thiol and an interchain disulde
linkage with an N-acetylated L-cysteine-methyl ester were
utilized to form Pep 2-C and Pep 2-N correspondingly in the MS1
step. Fig. 3a depicts such a process using Pep 5-C as an example
to form Pep 2-C sulnyl radical ions on-line, which are further
subjected to either beam-type or ion trap CID (mass spectra
shown in Fig. S2, ESI†). The data were re-organized in Fig. 3b to
reect the population of Pep 2-C at individual cleavage sites
under ion trap and beam-type CID conditions. Pep 2-C% is
calculated as the total intensity of complementary Hb and Oy
ions from Pep 2-C at a given cleavage site over the sum of
backbone fragments at that site from both Pep 2-C and Pep 2-N
if there is sulnyl transfer. The list of ions and their intensities
are provided in Tables S3 and S4 (ESI†).
As shown in Fig. 3b, the detected fragments reect that Pep
2-C is the major ion form, accounting for 91% of the total ion
population under ion trap CID conditions. Contrary to the ion
trap CID data, when the same population of ions was subjected
to beam-type CID, Pep 2-C% decreases to 61% in the total ion
population. This change of Pep 2-C% provides unambiguous
evidence that the sulnyl radical has transferred from the
C-terminus, the initial site, to the N-terminus under higher
energy activation conditions. Activation energies as well as
degrees of parent ion consumption were not found to signi-
cantly affect the reproducibility of CID spectra of Pep 2-C and
they provided consistent isomer ratios (Table S5, ESI†). Since
the data in Fig. 2 suggest that there should be no sulnyl
transfer under ion trap CID conditions, the 91% purity of Pep 2-
C in Fig. 3b is likely due to a small degree of isomerization of
Pep 5-C to Pep 5-N before reactions during sample preparation
(vacuum drying or storage). It has been shown that the free thiol
group is very sensitive to air oxidation and pH changes and
disulde scrambling may occur.28 This is probably also the
reason that a less pure Pep 2-N is obtained from Pep 5-N (data
not shown).
In summary, we report a new approach utilizing “intra-
molecular reactions” to facilitate reactions between the cysteine
sulnyl radical (SOcCys) and thiol (–SH). Energetic collisional
activation allows the two functional groups to comeclose enough
for reactions and also supplies energies to overcome the asso-
ciated reaction activation barriers. Many of the limitations
(reaction rates, low product yields, etc.) of bimolecular ion/
molecule reactions can be circumvented using intra-molecular
reactions. A new reaction channel involving the exchange of the
sulnyl radical and thiol was observed and characterized for the
rst time utilizing this approach. Note that this reaction channel
was not observed using traditional ion/molecule reactions even
though the reaction should be thermally neutral. This reaction
phenomenon is of special interest as itmay have implications on
howa radical (sulnyl) intermediatemigrates in aprotein system
and attacks other functional groups, resulting in conformational
or functional changes. In addition, it also suggests that this
oxidative damage can be potentially repaired by reacting with a
nearby thiol group. Although in this study we chose the reaction
between the sulnyl radical and thiol for proof-of-principle
demonstrations, this approach can be easily applied for a variety
of reactions as long as the two reaction functional groups can be
tethered within a same molecule.
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Fig. 2 (a) Method of forming peptide ions consisting of site-specific
sulfinyl radicals and thiol. MS2 ion trap CID data ofm/z 532.3 (2+) of (b)
Pep 2-N, activation energy, 65 mV and activation time, 200 ms and (c)
Pep 2-C, activation energy, 70 mV and activation time, 200 ms.
Fig. 3 (a) Method of forming Pep 2-C via Pep 5-C. (b) Graph showing
the Pep 2-C% at each fragment site from MS2 beam-type CID (dia-
monds) and ion trap CID (circles).
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